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MULTI-AXIAL ANGULAR* VELOCITY SENSOR 



^V^,J TECHNICAL FIELD 

this invention relates: to an angular velocity 
sensor, and more particularly to a multi-axial angular 
velocity sensor capable of independently detecting angular 
velocity components about respective axes in an XYZ three- 
io dimensional coordinate system. 



BACKGROUND ART 



In the automobile industry, . machinery industry, 
and the like,, .there has been an increased demand for 
sensors capable of precisely detecting acceleration or 
angular velocity of a moving object (body) . in general, an 

object which carries out free movement in a three-dimensional 

■' 

space bears an acceleration in an arbitrary direction and 
an angular velocity in an arbitrary rotational direction. 

For this reason, in order to precisely grasp movement of 
this object., it is necessary to independently detect 
acceleration components in every respective coordinate axial 
direction and angular velocity components about every 
respective coordinate axis in the XYZ three-dimensional 

* 

coordinate system - , respectively. 

Hitherto, multi-dimensional acceleration sensors 
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of various types have been proposed. For example, in the 
international Laid Open No. WO88/08522 based on the Patent 
Cooperation Treaty (U.S. P. No. 4967605/U.S.P . No . 5182515, 
there is disclosed an acceleration sensor in which resistance 
elements formed on a semiconductor substrate are used to 
detect applied acceleration components in every respective 
coordinate axial direction. Further, in the International 
Laid Open No. WO91/10118 based on the Patent Cooperation 
Treaty (u.S.P. Appln. No. 07/761771), a multi-axial 
acceleration sensor having self-diagnostic function is 
disclosed. Further, in the International Laid Open No. 
W092/17759 based on the Patent Cooperation Treaty (u.S P 
Appln. no. 07/952753), there is disclosed an acceleration 
sensor in which electrostatic capacitance elements or 
Piezoelectric elements are used to detect applied acceleration 
components in every respective coordinate axial direction. 
Further, also in the Japanese Patent Application No. 
274299/1990 (Tokuganhei 2-274299) specification and the 
Japanese Patent Application No. 416188/1990 (Tokuganhei 
2-416188) specification (U.S.P. Appln. No. 07/764159), a 
multi-axial acceleration sensor similar to the above is 
disclosed, m the Japanese Patent Application No. 306587/1991 
(Tokuganhei 3-306587) specification (U.S.P. Appln. No. 
07/960545), a novel electrode arrangement in a similar 
multi-axial acceleration sensor is disclosed, in addition, 
in the International Application PCT/JP92/00882 specification 



based on the Patent Cooperation Treaty, a multi-axial 
acceleration sensor using piezoelectric element of another 
type is disclosed. The feature of these acceleration sensors 
is that a plurality of resistance elements, electrostatic 
capacitance elements or piezoelectric elements are arranged 
at predetermined positions of a substrate having flexibility 
to detect applied acceleration components on the basis of 
changes in resistance values of the resistance elements/ 
changes in capacitance values of the electrostatic capacitance 
elements or changes in voltages produced in the piezoelectric 
elements. A weight body is attached on the substrate having 
flexibility. When an acceleration is applied, a force is 
applied to the weight body and bending occurs in the 
flexible substrate. By detecting this bending on the basis 
of the above-described changes in resistance values, 
capacitance values or charges produced, it is possible to 
determine acceleration components in respective axial 
directions . 

On the contrary, the inventor of this application 
cannot find any literature relating to a multi-dimensional 
angular velocity sensor so far as he knows. Ordinarily, 
angular velocity sensors are utilized for detecting an 
angular velocity of a power shaft, etc. of a vehicle, and 
only have a function to detect an angular velocity about a 
specific single axis. In such cases of determining a 
rotational velocity of the power shaft, it is sufficient to 
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Placed in an XYZ three-dimensional coordinate system, when 
this oscillator is oscillated in a second coordinate axis 
direction, a Coriolis force proportional to the magnitude 
of the angular velocity cd is produced in a third- coordinate 
axis direction, m order to detect angular velocity co by 
utilizing this principle, means for oscillating an oscillator 
in a predetermined coordinate axis direction, and means for 
detecting displacement in a predetermined coordinate axis 
direction produced in- the oscillator by action of the 
Corioiis force are required. In addition, in order to 
detect all of angular velocity component cox about the 
X-axis, angular velocity component coy about the Y-axis, 
and angular velocity component co 2 about the Z-axis, means 
for oscillating the oscillator in three axes directions and 
means for detecting displacements in the three axes directions 
produced in the oscillator are required. This invention 
provides a sensor having such means, and is characterized 
as follows. 

(1) The first feature of this invention resides 
in a multi-axial angular velocity sensor for detecting 
angular velocity components about respective coordinate 
axes in a three-dimensional coordinate system, comprising: 

an oscillator having mass; 

a sensor casing for accommodating this oscillator 
therewithin; 

connection means for connecting the oscillator to 
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the sensor casing in the state having a degree of freedom 
such that it can move in respective coordinate axes directions; 

excitation means for oscillating the oscillator in 
the respective coordinate axes directions; and '. 

displacement detecting means for detecting 
displacements in the respective coordinate axes directions 
of the oscillator. 

(2) The second feature of this invention resides 
in that, in the above-described multi-axial angular velocity 
sensor having the first feature, there is further provided 
control means for executing: 

first detecting operation for giving an indication 
to the excitation means so as to oscillate the oscillator 
in a first coordinate axis direction, and for giving an 
indication to the displacement detecting means so as to 
detect a displacement in a second coordinate axis direction 
of the oscillator, thus to determine an angular velocity 
component about a third coordinate axis on the basis of the 
detected displacement; 

a second detecting operation for giving an indication 
to the excitation means so as to oscillate the oscillator 
in the second coordinate axis direction, and for giving an 
indication to the displacement detecting means so as to 
detect a displacement in a third coordinate axis direction - 
of the oscillator, thus to determine an angular velocity 
component about a first coordinate axis on the basis of the 



detected displacement; and 

a third detecting operation for giving an indication 
to the excitation means so as to oscillate the oscillator 
in the third coordinate axis direction, and for giving an 
indication to the displacement detecting means so as to 
detect a displacement in the first coordinate axis direction 
of the oscillator, thus to determine an angular velocity 
component about the second coordinate axis on the basis of 
the detected displacement. 

(3) The third feature of this invention resides 
in that, in the above-described multi-axial angular velocity 
sensor having the second feature, the control means is 
caused to further execute a fourth detecting operation for 
giving an indication to the excitation means so as not to 
oscillate the oscillator in any direction, and for giving 
an indication to the displacement detecting means so as to 
detect displacements in all the first to third coordinate 
axial directions of the oscillator, thus to determine 
acceleration components exerted in respective coordinate 
axial directions on the basis of the detected displacements. 

(4) The fourth feature of this invention resides 
in that, in a multi-axial angular velocity sensor for 
detecting angular velocity components about respective 
coordinate axes in a three-dimensional coordinate system, . 
there are provided: 

a flexible substrate having flexibility; 
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a fixed substrate disposed so as to oppose the 
flexible substrate with a predetermined distance therebetween 
above the flexible substrate; 

* 

an oscillator fixed on the lower surface of the 
flexible substrate; 

a sensor casing for supporting the flexible substrate 
and the fixed substrate and accommodating the oscillator 
therewithin; 

excitation means for oscillating the oscillator in 
respective coordinate axial directions; and 

displacement detecting means for detecting 
displacements in respective coordinate axial directions of 
the oscillator. 

(5) The fifth feature of this invention resides 
in that, in a multi-axial angular velocity sensor for 
detecting angular velocity components about respective 
coordinate axes in a three-dimensional coordinate system, 
there are provided: 

a flexible substrate having flexibility; 

a fixed substrate disposed so as to oppose the 
flexible substrate with a predetermined distance therebetween 
above the flexible substrate; 

an oscillator fixed on the lower surface of the 
flexible substrate; 

a sensor casing for supporting the flexible substrate 
and the fixed substrate and accommodating the oscillator 

8 



therewithin; 

a plurality of lower electrodes formed on the 
upper surface of the flexible substrate; 

a plurality of upper electrodes formed on the 
lower surface of the fixed substrate and disposed at 
positions respectively opposite to the plurality of lower 
electrodes; 

means for applying an a.c. signal across a 

predetermined pair of lower and upper electrodes opposite 

to each other to thereby oscillate the oscillator in 
respective coordinate axial directions; and 

means for determining an electrostatic capacitance 
between the predetermined pair of lower and upper electrodes 
opposite to each other to thereby detect displacements in 
respective coordinate axial directions of the oscillator. 

(6) The sixth feature of this invention resides 
in that, in the above-described multi-axial angular velocity 
sensor having the fifth feature, 

an XYZ three-dimensional coordinate system such 
that an X-axis and a Y-axis intersect with each other on a 
plane in parallel to the principal surface of the flexible 
substrate is defined; and 

a first lower electrode and a first upper electrode 
are disposed in the positive region of the X-axis, a second 
lower electrode and a second upper electrode are disposed 
in the negative region of the X-axis, a third lower 



electrode and a third upper electrode are disposed in the 
positive region of the Y-axis, a fourth lower electrode and 
a fourth upper electrode are disposed in the negative 
region of the Y-axis, and a fifth lower electrode and a 
fifth upper electrode are arranged at a position corresponding 
to the origin. 

(7) The seventh feature of this invention resides 
in that, in the above-described multi-axial angular velocity- 
sensor having the sixth feature, there is further provided 
control means for executing: 

a first detecting operation for applying an a.c. 
signal across the fifth lower electrode and the fifth upper 
electrode to determine, with the oscillator being oscillated 
in a Z-axis direction, a difference between an electrostatic 
capacitance between the third lower electrode and the third 
upper electrode and an electrostatic capacitance between 
the fourth lower electrode and the fourth upper electrode, 
thus to detect an angular velocity component about the 
X-axis on the basis of this difference; 

a second detecting operation for applying a.c. 
signals having phases opposite to each other across the 
first lower electrode and the first upper electrode and 
across the second lower electrode arid the second upper 
electrode to determine, with the oscillator being oscillated 
in the X-axis direction, an electrostatic capacitance between 
the fifth lower electrode and the fifth upper electrode, 
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thus to detect an angular velocity component about the 
Y-axis on the basis of this electrostatic capacitance; and 

a third detecting operation for applying a,c 
signals having phases opposite to each other across the 
third lower electrode and the third upper electrode and 
across the fourth lower electrode and the fourth upper 
electrode to determine , with the oscillator being oscillated 
in the Y-axis direction, a difference between an electrostatic 
capacitance between the first lower electrode and the first 
upper electrode and an electrostatic capacitance between 
the second lower electrode and the second upper electrode, 
thus to detect an angular velocity component about the 
Z-axis on the basis of the difference. 

(8) The eighth feature of this invention resides 
in that, in the above -de scribed multi-axial angular velocity 
sensors having the fifth to seventh features, arrangement 
of electrodes is changed. Namely, the eight feature resides 
in that: 

an XYZ three-dimensional coordinate system such 
that the X-axis and the Y-axis intersect with each other on 
a plane in parallel to the principal surface of the 
flexible substrate is defined; and 

the first lower electrode and the first upper 
electrode are disposed in the first quadrant region with 
respect to the XY plane, the second lower electrode and the 
second upper electrode are disposed in the second quadrant 



region with respect to the XY plane, the third lower 
electrode and the third upper electrode are disposed in the 
third quadrant region with respect to the XY plane, the 

* 

fourth lower electrode and the fourth upper electrode are 
disposed in the fourth quadrant region with respect to the 
XY plane, and the fifth lower electrode and the fifth upper 
electrode are disposed at a position corresponding to the 
origin* 

(9) The ninth feature of this invention resides 
in that/ in the above-described multi-axial angular velocity 
sensors having the fifth to the eight features/ piezo- 
resistance elements are disposed on the flexible substrate, 
and means for detecting changes in resistance values of 
these piezo-resistance elements is provided in place of 
means for detecting electrostatic capacitance, thus to 
detect displacements in respective coordinate axial directions 
of the oscillator by changes of the resistance values. 

(10) The tenth feature of this invention resides 
in that/ in the above-described multi-axial angular velocity 
sensors having the fifth to the eight features, piezoelectric 
elements are interposed between respective upper electrodes 
and respective lower electrodes to deliver an a.c. signal 
to these piezoelectric elements to thereby oscillate the 
oscillator in respective coordinate axial directions/ and 
to detect voltages produced by these piezoelectric elements 
to thereby detect displacements in respective coordinate 
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axial directions of the oscillator. 

(11) The eleventh feature of this invention 
resides in that, in a multi-axial angular velocity sensor 
for detecting angular velocity components about respective 
coordinate axes in a three-dimensional coordinate system, 
there are provided: 

a piezoelectric element in a plate form; 

a plurality of upper electrodes formed on the 
upper surface of the piezoelectric element; 

■s 

a plurality of lower electrodes formed on the 
lower surface of the piezoelectric element and disposed at 
positions respectively opposite to the plurality of upper 
electrodes; 

a flexible substrate fixed on the lower surface of 
the lower electrode and having flexibility; 

an oscillator fixed on the lower surface of the 
flexible substrate; 

a sensor casing for supporting the flexible substrate 
and accommodating the oscillator therewithin; 

means for applying an a.c. signal across a 
predetermined pair of lower and upper electrodes opposite 
to each other to thereby oscillate the oscillator in 
respective coordinate axial directions; and 

means for measuring a voltage produced across the 
predetermined pair of lower and upper electrodes opposite 
to each other to thereby detect displacements in respective 
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coordinate axial directions of the oscillator. 

(12) The twelfth feature of this invention resides 
in that, in the above-described multi-axial angular velocity 
sensor utilizing piezoelectric element, the polarization 
characteristic of the piezoelectric element is partially 
inverted. 

(13) The thirteenth feature of this invention 
resides in that, in the above-described multi-axial angular 
velocity sensor utilizing piezoelectric element, a plurality 
of piezoelectric elements physically divided are used. 

(14) The fourteenth feature of this invention 
resides in that, in the above-described respective multi-axial 
angular velocity sensors, either one group of the plural 
lower electrodes or the plural upper electrodes is constituted 
with a single electrode layer. 

(15) The fifteenth feature of this invention 
resides in that, in the above-described multi-axial angular 
velocity sensor having the fourteenth feature, the flexible 
substrate or the fixed substrate is constituted with a 
conductive material, and the conductive substrate itself is 
used as a single electrode layer. 

(16) The sixteenth feature of this invention 
resides in that, in a multi-axial angular velocity sensor 
for detecting angular velocity components about respective 
coordinate axes in a three-dimensional coordinate system, 

Y 

there are provided: 
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an oscillator comprised of a magnetic material, 
which is disposed at the origin position of the coordinate 
system; 

a sensor casing for accommodating the oscillator 
therewithin ; 

connection means for connecting the oscillator to 
the sensor casing in the state having a degree of freedom 
such that it can move in respective coordinate axial 
directions; 

a first coil pair attached to the sensor casing at 
positive and negative positions of a first coordinate axis 
of the coordinate system; 

a second coil pair attached to the sensor casing 
at positive and negative positions of a second coordinate 
axis of the coordinate system; 

a third coil pair attached to the sensor casing at 
positive and negative positions of a third coordinate axis 
of the coordinate system; 

excitation means for delivering a predetermined an 
a.c. signal to the respective coil pairs to thereby oscillate 
the oscillator in respective coordinate axes directions; 
and 

displacement detecting means for detecting 
displacements in respective coordinate axes directions of 
the oscillator on the basis of changes in impedance of 
respective coil pairs. 

15 



(17) The seventeenth feature of this invention 
resides in that, in the above-described multi-axial angular 
velocity sensor having the sixteenth feature, there is 
further provided control means for executing: 

a first detecting operation for delivering an a.c. 
signal to the first coil* pair to determine a change of 
impedance of the second coil pair with the oscillator being 
oscillated in the first axial direction to detect an 
angular velocity component about the third axis on the 
basis of the change of impedance; 

a second detecting operation for delivering an 
a.c. signal to the second coil pair to determine a change 
of impedance of the third coil pair with the oscillator 

* 

being oscillated in the second axial direction to detect an 
angular velocity component about the first axis on the 
basis of the change of impedance; and 

a third detecting operation for delivering an a.c. 
signal to the third coil pair to determine a change of 
impedance of the first coil pair with the oscillator being 
oscillated in the third axial direction to detect an 
angular velocity component about the second axis on the 
basis of the change of impedance. 

(18) The eighteenth feature of this invention 
resides in that, in a multi-axial angular velocity sensor 
for detecting angular velocity components about at least 

* 

two coordinate axes in a three-dimensional coordinate system/ 
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there are provided: 

an oscillator having mass; 

a sensor casing for accommodating the oscillator 
therewithin; 

connection means for connecting the oscillator to 
the sensor casing in the state having a degree of freedom 
such that it can move in respective three coordinate axial 
directions; 

excitation means for oscillating the oscillator in 
at least two coordinate axial directions; and 

displacement detecting means for detecting 
displacements in at least two coordinate axial directions 

of the oscillator. 

(19) The nineteenth feature of this invention 

resides in that, in the above-described multi-axial angular- 

velocity sensor having the eighteenth feature, there is 

provided control means for executing: 

a first detecting operation for giving an indication 

to the excitation means so as to oscillate the oscillator 
in the first coordinate axis direction, and for giving an 
indication to the displacement detecting means so as to 
detect a displacement in the second coordinate axis direction 
of the oscillator, thus to determine an angular velocity 
component about the third coordinate axis on the basis of 
the detected displacement; and 

* 

a second detecting operation for giving an indication 
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to the excitation means so as to oscillate the oscillator 
in the second coordinate axis direction, and for giving an 
indication to the displacement detecting means so as to 

* * 

detect a displacement in the third coordinate axis direction 
of the oscillator, thus to determine an angular velocity 
component about the first coordinate axis on the basis of 
the detected displacement. 

(20) The twentieth feature of this invention 
resides in that, in a multi-axial angular velocity sensor 
for detecting angular velocity components about two coordinate 
axes in a three-dimensional coordinate system, there are 
provided: 

an oscillator having mass; 

a sensor casing for accommodating the oscillator 
therewithin; 

connection means for connecting the oscillator to 
the sensor casing in the state having a degree of freedom 
such that it can move in respective three coordinate axial 
directions; 

excitation means for oscillating the oscillator in 
the first coordinate axis direction; and 

displacement detecting means for detecting 
displacements in the second coordinate axis direction and 
in the third coordinate axis direction of the oscillator, 

to determine an angular velocity component about 
the third coordinate axis on the basis of the displacement 
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in the second coordinate axis direction detected by the 
displacement detecting means, and 

to determine an angular velocity component about 
the second coordinate axis on the basis of the displacement 
in the third coordinate axis direction detected by the 
displacement detecting means. 

(21) The twenty first feature of this invention 
resides in that, in a multi-axial angular velocity sensor 
for detecting angular velocity components about two coordinate 
axes in a three-dimensional coordinate system, there are 
provided: 

an oscillator having mass; 

a sensor casing for accommodating the oscillator 
therewithin ; 

connection means for connecting the oscillator to 
the sensor casing in the state having a degree of freedom 
such that it can move in three coordinate axial directions; 

excitation means for oscillating the oscillator in 
the first coordinate axis direction and in the second 
coordinate axis direction; and 

displacement detecting means for detecting a 
displacement in the third coordinate axis direction of the 
oscillator, 

to determine an angular velocity component about 
the second coordinate axis on the basis of the displacement 

■ 

in the third coordinate axis direction detected by the 
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displacement detecting means when the oscillator is 
oscillating in the first coordinate axis direction, and 

to determine an angular velocity component about 
the first coordinate axis on the basis of the displacement 
in the third coordinate axis direction detected by the 
displacement detecting means when the oscillator is 
oscillating in the second coordinate axis direction. 

(22) The twenty second feature of this invention 
resides in that, in a multi-axial angular velocity sensor 
for detecting angular velocity components about respective 
coordinate axes in a three-dimensional coordinate system, 
there are provided: 

an oscillator having mass; 

a sensor casing for accommodating the oscillator 
therewithin; 

connection means for connecting the oscillator to 
the sensor casing in the state having a degree of freedom 
such that it can move in respective three coordinate axes 
directions; 

excitation means for oscillating the oscillator in 
the first coordinate axis direction and in the second 
coordinate direction; and 

displacement detecting means for detecting a 
displacement in the second coordinate axis direction and a . 
displacement in the third coordinate axis direction of the 
oscillator, 

20 



to determine an angular velocity component about 
the third coordinate axis on the basis of the displacement 
in the second coordinate axis direction detected by the 
displacement detecting means when the oscillator is 
oscillating in the first coordinate axis direction, 

to determine an angular velocity component about 
the second coordinate axis on the basis of the displacement 
in the third coordinate axis direction detected by the 
displacement detecting means when the oscillator is 
oscillating in the first coordinate axis direction, and 

to determine an angular velocity component about 
the first coordinate axis on the basis of the displacement 
in the third coordinate axis direction detected by the 
displacement detecting means when the oscillator is 
oscillating in the second coordinate axis direction. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a perspective view showing the fundamental 
principle of an one-dimensional angular velocity sensor 
utilizing Coriolis force conventionally proposed. 

Fig. 2 is a view showing angular velocity components 
about respective axes in an XYZ three-dimensional coordinate 
system, which are to be detected in this invention. 

Fig. 3 is a view for explaining the fundamental 
principle for detecting an angular velocity component cox 
about the X-axis by this invention. 
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Fig. 4 is a view for explaining the fundamental 
principle for detecting an angular velocity component coy 
about the Y-axis by this invention . 

♦ 

Fig . 5 is a view for explaining the fundamental 
principle for detecting an angular velocity component coz 
about the Z-axis by this invention. 

Fig. 6 is a side cross sectional view showing the 
structure of a multi-axial angular velocity sensor according 
to a first embodiment of this invention. 

Fig. 7 is a top view of flexible substrate 110 of 
the multi-axial angular velocity sensor shown in Fig. 6. 

Fig. 8 is a bottom view of fixed substrate 120 of 
the multi-axial angular velocity sensor shown in Fig. 6. 

Fig. 9 is a side cross sectional view showing the 
state where oscillator 130 in the multi-axial angular 
velocity sensor shown in Fig. 6 is caused to undergo 
displacement in the X-axis direction. 

Fig. 10 is a side cross sectional view showing the 
state where oscillator 130 in the multi-axial angular 
velocity sensor shown in Fig. 6 is caused to undergo 
displacement in the -X axis direction. 

Fig. 11 is a side cross sectional view showing the 
state where oscillator 130 in the multi-axial velocity 
sensor shown in Fig. 6 is caused to undergo displacement in 

the Z-axis direction. 

Fig. 12 is a view showing a voltage waveform 
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supplied for allowing oscillator 130 to produce oscillation 
Ux in the X-axis direction in the multi-axial angular 
velocity sensor shown in Fig. 6. 

Fig. 13 is a view showing a voltage . waveform 
supplied for allowing oscillator 130 to produce oscillation 
Uy in the Y-axis direction in the multi-axial angular 
velocity sensor shown in Fig. 6. 

Fig. 14 is a view showing a voltage waveform 
supplied for allowing oscillator 130 to produce oscillation 
Uz in the Z-axis direction in the multi-axial angular 
velocity sensor shown in Fig. 6. 

Fig. 15 is a side cross sectional view showing the 
phenomenon that Coriolis force Fy is produced on the basis 
of angular velocity component cox when oscillator 130 is 
caused to produce oscillation Uz in the multi-axial angular 
velocity sensor shown in Fig. 6, 

Fig. 16 is a side cross sectional view showing the 
phenomenon that Coriolis force Fz is produced on the basis 
of angular velocity component coy when oscillator 130 is 
caused to produce oscillation Ux in the multi-axial angular 
velocity sensor shown in Fig. 6. 

Fig. 17 is a side cross sectional view showing the 
phenomenon that Coriolis force Fx is produced on the basis 
of angular velocity component coz when oscillator 130 is 
caused to produce oscillation Uy in the multi-axial angular 
velocity sensor shown in Fig, 6. 
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Fig. 18 is a circuit diagram showing an example of 
a circuit for detecting change of a capacitance value of 
electrostatic capacitance element C. 

* 

Fig. 19 is a timing chart for explaining the 
operation of the circuit shown in Fig. 18. 

Fig. 20 is a circuit diagram showing an example of 
a circuit for detecting changes of capacitance values of a 
pair of electrostatic capacitance elements CI, C2. 

Fig. 21 is a timing chart for explaining the 
operation of the circuit shown in Fig. 20. 

Fig. 22 is a side cross sectional view for explaining 
the principle of a first modification of the multi-axial 
angular velocity sensor shown in Fig. 6. 

Fig. 23 is another; side cross sectional view for 
explaining the principle of the first modification of the 
multi-axial angular velocity sensor shown in Fig. 6. 

Fig. 24 is a further side cross sectional view for 
explaining the principle of the first modification of the 
multi-axial angular velocity sensor shown in Fig. 6. 

Fig. 25 is a side cross sectional view showing a 
more practical structure of the first modification of the 
multi-axial angular velocity sensor shown in Fig. 6. 

Fig. 26 is a view showing an example of a method 
of applying a voltage to respective electrodes of the 
multi-axial angular velocity sensor shown in Fig. 25. 

Fig. 27 is a side cross sectional view showing a 

24 



more practical structure of a second modification of the 
multi-axial angular velocity sensor shown in Fig. 6, 

Fig, 28 is a side cross sectional view showing the 

■ 

structure of a multi-axial angular velocity sensor according 
to a second embodiment of this invention. 

Fig, 29 is a top view of flexible substrate 210 of 
the multi-axial angular velocity sensor shown in Fig. 28, 

Fig. 30 is a side cross sectional view showing a 
cross section at another position of the multi-axial angular 
velocity sensor shown in Fig. 28. 

Fig. 31 is a bottom view of fixed substrate 230 of 
the multi-axial angular velocity sensor shown in Fig. 28. 

Fig. 32 is a side cross sectional view showing a 
first modification of the multi-axial angular velocity 
sensor shown in Fig. 28. 

Fig. 33 is a side cross sectional view showing a 
second modification of the multi-axial angular velocity 
sensor shown in Fig. 28. 

Fig. 34 is a top view of flexible substrate 250 of 
the multi-axial angular velocity sensor shown in Fig. 33. 

Fig. 35 is a side cross sectional view showing the 
structure of a multi-axial angular velocity sensor according 
to a third embodiment of this invention. 

Fig. 36 is a top view of flexible substrate 310 of 
the multi-axial angular velocity sensor shown in Fig. 35. 

Fig. 37 is a view showing arrangement of resistance 
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elements R shown in Fig. 36. 

Fig. 38 is a side cross sectional view showing a 
state where Coriolis force Fx is exerted on the multi-axial 
angular velocity sensor shown in Fig. 35. 

Fig. 39 is a circuit diagram showing, an example of 
a circuit for detecting Coriolis force Fx in the X-axis 
direction exerted on the multi-axial angular velocity sensor 
shown in Fig* 35. 

Fig. 40 is a circuit diagram showing an example of 
a circuit for detecting Coriolis force Fy in the Y-axis 
direction exerted on the multi-axial angular velocity sensor 

shown in Fig. 35. 

Fig. 41 is a circuit diagram showing an example of 
a circuit for detecting Coriolis force Fz in the Z-axis 
direction exerted on the multi-axial angular velocity sensor 

shown in Fig. 35. 

Fig. 42 is a side cross sectional view showing a 
structure of a multi-axial angular velocity sensor according 
to a fourth embodiment of this invention. 

- 4 

Figs. 43(a) and 43(b) are views showing a polarization 
characteristic of a piezoelectric element used in the 
multi-axial angular velocity sensor shown in Fig. 42. 

Fig. 44 is a side cross sectional view showing a 
state where the multi-axial angular velocity sensor shown 
in Fig. 42 is caused to undergo displacement in the X-axis 
direction . 
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Fig. 45 is a side cross sectional view showing a 
state where the multi-axial angular velocity sensor shown 
in Fig. 42 is caused to undergo displacement in the Z-axis 
direction. 

Fig. 46 is a wiring diagram showing a wiring for 
detecting Coriolis force Fx in the X-axis direction exerted 
on the multi-axial angular velocity sensor shown in Fig. 
42. 

Fig. 47 is a wiring diagram showing a wiring. for 
detecting Coriolis force Fy in the Y-axis direction exerted 
on the multi-axial angular velocity sensor shown in Fig. 
42. 

Fig. 48 is a wiring diagram showing a wiring for 
detecting Coriolis force Fz in the Z-axis direction exerted 
on the multi-axial angular velocity sensor shown in Fig. 
42. 

Figs. 49(a) and 49(b) are views showing a polarization 
characteristic opposite to the polarization characteristic 
shown in Figs. 43(a) and 43(b). 

Fig. 50 is a plan view showing a distribution of 
the polarization characteristics of a piezoelectric element 
used in the first modification of the multi-axial angular 
velocity sensor shown in Fig. 42. 

Fig. 51 is a wiring diagram showing a wiring for 
detecting Coriolis force Fx in the X-axis direction exerted 
on the multi-axial angular velocity sensor using piezoelectric 
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elements shown in Fig. 50. 

Fig. 52 is a wiring diagram showing a wiring for 
detecting Coriolis force Fy in. the Y-axis direction exerted 
on the multi-axial angular velocity sensor using piezoelectric 
elements shown in Fig* 50. 

Fig. 53 is a wiring diagram showing a wiring for 
detecting Coriolis force Fz in the Z-axis direction exerted 
on the multi-axial angular velocity sensor using piezoelectric 
elements shown in Fig, 50. 

Fig. 54 is a side cross sectional view showing a 
structure of a second modification of the multi-axial 
angular velocity sensor shown in Fig. 42. 

Fig. 55 is a side cross sectional view showing a 
structure of a third modification of the multi-axial angular 
velocity sensor shown in Fig. 42. 

Fig. 56 is a side cross sectional view showing a 
structure of a fourth modification of the multi-axial 
angular velocity sensor shown in Fig. 42. 

Fig. 57 is a top view showing a structure of a 
multi-axial angular velocity sensor according to a fifth 
embodiment of this invention. 

Fig. 58 is a side cross sectional view showing the 
structure of the multi-axial angular velocity sensor shown 
in Fig. 57 . 

Fig. 59 is a top view showing an arrangement of 
localized elements defined in the multi-axial angular velocity 

28 



sensor shown in Fig. 57. 

Figs. 60(a) and 60(b) are views showing a polarization 
characteristic of a piezoelectric element used in the 

9 

multi-axial angular velocity sensor shown in Fig. 57. 

Fig. 61 is a side cross sectional view showing a 
state where the multi-axial angular velocity sensor shown 
in Fig. 57 is caused to undergo displacement in the X-axis 
direction. 

Fig. 62 is a side cross sectional view showing a 
state where the multi-axial angular velocity sensor shown 
in Fig. 57 is caused to undergo displacement in the Z-axis 
direction. 

Fig. 63 is a wiring- diagram showing a wiring for 
detecting Coriolis force Fx in the X-axis direction exerted 
on the multi-axial angular velocity sensor shown in Fig. 
57. 

Fig. 64 is a wiring diagram showing a wiring for 
detecting Coriolis force Fy in the Y-axis direction exerted 
on the multi-axial angular velocity sensor shown in Fig. 
57. 

Fig. 65 is a wiring diagram showing a wiring for 
detecting Coriolis force Fz in the Z-axis direction exerted 
on the multi-axial angular velocity sensor shown in Fig- 
57. 

Figs. 66(a) and 66(b) are views showing a polarization 
characteristic opposite to the polarization characteristic 
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shown in Fig. 60. 

Fig. 67 is a plan view showing a distribution of 
the polarization characteristics of a piezoelectric element 
used in the first modification of the multi-axial angular 
velocity sensor shown in Fig. 57. 

Fig. 68 is a side cross sectional view showing a 
state where Coriolis force Fx in the X-axis direction is 
exerted on the multi-axial angular velocity sensor using 
the piezoelectric element shown in Fig. 67. 

Fig. 69 is a side cross sectional view showing a 
state where Coriolis force Fz in the Z-axis direction is 
exerted on the multi-axial angular velocity sensor using 
the piezoelectric element shown in Fig. 67. 

Fig. 70 is a wiring diagram showing a wiring for 
detecting Coriolis force Fx in the X-axis direction exerted 
on the multi-axial angular velocity sensor using the 
piezoelectric element shown in Fig. 67. 

Fig. 71 is a wiring diagram showing a wiring for 
detecting Coriolis force Fy in the Y-axis direction exerted 
on the multi-axial angular velocity sensor using the 
piezoelectric element shown in Fig. 67. 

Fig. 72 is a wiring diagram showing a . wiring for 
detecting Coriolis force Fz in the Z-axis direction exerted 
on the multi-axial angular velocity sensor using the 
piezoelectric element shown in Fig. 67. 

Fig. 73 is a side cross sectional view showing a 
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structure of a second modification of the multi-axial 
angular velocity sensor shown in Fig, 57* 

Fig. 74 is a side cross sectional view showing a 
structure of a third modification of the multi-axial angular 
velocity sensor shown in Fig. 57. 

Fig. 75 is a perspective view showing a fundamental 
principle of a multi-axial angular velocity sensor according 
to a sixth embodiment of this invention . 

Fig. 7 6 is a side cross sectional view showing a 
more practical structure of the multi-axial angular velocity 
sensor according to the sixth embodiment of this invention. 

Fig. 77 is a flowchart showing a procedure of a 
detecting operation in the multi-axial angular velocity 
sensor according to this invention. 

Fig. 7 8 is a view showing an actual example of a 
circuit configuration for carrying out the detecting operation 
in the multi-axial angular velocity sensor according to 

this invention . 

Fig. 79 is a view for explaining another fundamental 
principle for detecting angular velocity component cox 
about the X-axis by this invention. 

Fig. 80 is a view for explaining a further, fundamental 
principle for detecting angular velocity component coy 
about the Y-axis by this invention. 

Fig. 81 is a view for explaining a still further 
fundamental principle for detecting angular velocity component 
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oo z about the Z-axis by this invention. 



BEST MODE FOR CARRYING OUT THE INVENTION 

§ 0 Fundamental Principle 



5 <0. 1> Uni-axial Angular Velocity Sensor 

Initially/ the detection principle of angular 
velocity by a uni-axial angular velocity sensor which forms 

i — 5 

3 the foundation of a multi-axial angular velocity sensor 
IS according to this invention will be briefly described. Fig. 
$Q 1 is a view showing the fundamental principle of an angular 
J| velocity sensor disclosed in Magazine "THE INVENTION" complied 
U under the supervision of the Japanese Patent Office, vol. 
li! 90, No. 3 (1993), page 60. An oscillator 10 in a square 
O pillar is prepared and consideration is now made in connection 
4s with an XYZ three-dimensional coordinate system in which 
X-, Y- and Z-axes are defined in directions as shown. In 
such a system, in the case where oscillator 10 is carrying 
out rotational movement at an angular velocity CO with the 
Z-axis being as the axis of rotation, it is known that a 
20 phenomenon as described below takes place. Namely, when the 
oscillator 10 is causied to produce such an oscillation U to 
reciprocate it in the X-axis direction, a Coriolis force F 
takes place in the Y-axis direction. In other words, when 
oscillator 10 is rotated with the Z-axis being as a center 
25 axis in the state where it is oscillated along the X-axis 
of the figure, Coriolis force F is to be produced in the 
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Y-axis direction. This phenomenon is the dynamical phenomenon 
known for long as Foucault's pendulum, A Coriolis force F 
produced is expressed as follows : 

F = 2 m • v • co 

In the above expression, m is a mass of oscillator 
10, v is an instantaneous velocity with respect to oscillation 
of the oscillator 10, and co is an instantaneous angular 
velocity of the oscillator ^10 . 

The uni-axial angular velocity sensor disclosed in 
the previously described magazine serves to detect an 
angular velocity co by making use of the above phenomenon. 
Namely, as shown in Fig. 1, a first piezoelectric element 
11 is attached on a first surface of the oscillator 10 in a 
square pillar form, and a second piezoelectric element 12 
is attached on a second surface perpendicular to the first 
surface. As the piezoelectric elements 11, 12, an element 
in a plate form comprised of piezoelectric ceramic is used. 
In order to allow the oscillator 10 to produce oscillation 
U, the piezoelectric element 11 is utilized. Further, in 
order to detect a Coriolis force F produced, the piezoelectric 
element 12 is utilized. Namely, when an a.c. voltage is 
applied to the piezoelectric element 11, this piezoelectric 
element 11 repeats expansive and contractive movements and 
oscillates in the X-axis direction. This oscillation U is 
transmitted to the oscillator 10, so the oscillator 10 
oscillates in the X-axis direction. As stated above, when 
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the oscillator 10 itself rotates at an angular velocity co 
with the Z-axis being as a center axis in the state where 
the oscillator 10 is caused to undergo oscillation U, a 
Coriolis force F is produced in the Y-axis direction by the 
above-described phenomenon. Since this Coriolis force F is 
exerted in a thickness direction of the piezoelectric 
element 12, a voltage V proportional to the Coriolis force 
F is produced across both the surfaces of the piezoelectric 
element 12. Accordingly, by measuring this voltage V, it 
becomes possible to detect angular velocity co . 

<0. 2> Multi-axial Angular Velocity Sensor 

The above-described conventional angular velocity 
sensor serves to detect an angular velocity component about 
the Z-axis, and this sensor is therefore unable to detect 
an angular velocity component about the X-axis or the 
Y-axis- This invention contemplates providing, as shown in 
Fig. 2, a multi-axial angular velocity sensor capable of 
independently detecting an angular velocity component cox 
about the X-axis, an angular velocity component coy about 
the Y-axis, and an angular velocity component coz about the 
Z-axis in the XYZ three-dimensional coordinate system with 
respect to a predetermined object 20. The fundamental 
principle thereof will now be described with reference to 
Figs. 3 to 5. It is now assumed that an oscillator 30 is 
placed at the origin position of XYZ three-dimensional 
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coordinate system. In order to detect angular velocity 
component cox about the X-axis of the oscillator 30 , it is 
sufficient to measure a Coriolis force Fy produced in the 
Y-axis direction when the oscillator 30 is caused to 
undergo oscillation Uz in the Z-axis direction as shown in 
Fig, 3, The Coriolis force Fy takes a value proportional to 
angular velocity component cox. Further, in order to detect 
angular velocity coy about the Y-axis of the oscillator 30, 
it is sufficient to measure a Coriolis force Fz produced in 
the Z-axis direction when the oscillator 30 is caused to 
undergo oscillation Ux in the X-axis direction as shown in 
Fig. 4. The Coriolis force Fz takes a value proportional to 
angular velocity coy. In addition, in order to detect 
angular velocity component coz about the Z-axis of the 
oscillator 30, it is sufficient to measure a Coriolis force 
Fx produced in the X-axis direction when the oscillator 30 
is caused to undergo oscillation Uy in the Y-axis direction. 
The Coriolis force Fx takes a value proportional to angular 
velocity CO z . 

Eventually, in order to detect angular velocity 
components every respective axes in the XYZ three-dimensional 
coordinate system, the mechanism for oscillating the 
oscillator 30 in the- X-axis direction, the mechanism for 
oscillating it in the Y-axis direction, and the mechanism 
for oscillating it in the Z-axis direction; and the mechanism 
for detecting Coriolis force Fx in the X-axis direction 
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exerted on the oscillator 30, the mechanism for detecting 
Coriolis force Fy in the Y-axis exerted thereon, and the 
mechanism for detecting Coriolis force Fz in the Z-axis 
exerted thereon are required, 

<0. 3> Oscillation Mechanism/Detection Mechanism 

As described above, in the multi-axial angular 
velocity sensor according to this invention, the mechanism 
for oscillating the oscillator in a specific coordinate 
axis direction, and the mechanism for detecting a Coriolis 
force in a specific coordinate axis direction exerted on 
the oscillator are required. As the oscillation mechanism, 
reS p ec tive mechanism as described below may be utilized, 

(1) Mechanism utilizing Coulomb force: 
A first electrode and a second electrode are 
respectively formed on the oscillator side and on the 
sensor casing side to dispose a pair of electrodes in a 
manner opposite to each other. If charges of the same 
polarity are delivered to the both electrodes, a repulsive 
force is exerted. In contrast, if charges of different 
polarities are delivered, an attractive force is exerted. 
Accordingly, when an approach is employed to allow the both 
electrodes to interchangeably undergo repulsive force and 
attractive force exerted therebetween, the oscillator 
oscillates relative to the sensor casing. 
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(2) Mechanism utilizing piezoelectric element: . 
This mechanism is the mechanism used in the uni-axial 

angular velocity sensor shown in Fig. 1. By applying an 
a.c. voltage across the piezoelectric element- 11, the 
5 oscillator 10 is oscillated. 

(3) Mechanism utilizing electromagnetic force: 

An oscillator comprised of a magnetic material is 
^2 used and a coil is disposed on the sensor casing side to 
|S allow a current to flow in the coil to exert an electromagnetic 

lyio force thereon to oscillate the oscillator. 

ry On the other hand, as the mechanism for detecting 

Coriolis force, respective mechanism as described below may 
in be utilized. 

si; 

\Z (1) Mechanism utilizing change of the electrostatic 

1^15 capacitance: 

A first electrode and a second electrode are 
respectively formed on the oscillator side and on the 
sensor casing side to dispose a pair of electrodes in a 
manner opposite to each other. When a Coriolis force is 
20 applied to the oscillator, so displacement takes place, the 
spacing (distance) between the both electrodes varies . For 
this reason, the electrostatic capacitance value of an 
electrostatic capacitance element constituted by the both 
electrodes varies. By measuring a change of the capacitance 
25 value, the applied Coriolis force is detected. 
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(2) Mechanism utilizing piezoelectric element: 
This mechanism is the mechanism used in the uni-axial 

angular velocity sensor shown in Fig. 1. When a Coriolis 
force F is applied to the piezoelectric element 12, the 
piezoelectric element 12 produces a voltage proportional to 
the Coriolis force F. By measuring the voltage thus produced, 
the applied Coriolis force is detected. 

(3) Mechanism utilizing differential transformer: 
An oscillator comprised of a magnetic material is 

used and a coil is disposed on the sensor casing side. When 
a Coriolis force is applied to the oscillator, so any 
displacement takes place/ the distance between the oscillator 
and the coil varies . For this reason, inductance of the 
coil varies. By measuring a change of the inductance, the 
applied Coriolis force is detected* 

(4) Mechanism utilizing piezo-resistance element: 
A substrate such that bending takes place when a 

Coriolis force is applied thereto is provided. A piezo- 
resistance element is formed on the substrate to detect a 
bending produced in the substrate as a change of the 
resistance value of the piezo-resistance element. Namely, 
by measuring a change of the resistance value, the applied 
Coriolis force is detected. 

While the fundamental principle of the multi-axial 
angular velocity sensor according to this invention has 
been briefly described/ more practical examples of sensors 
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of a simple structure operative on the basis of such 
fundamental principle will now be described below. 

§ 1 FIRST EMBODIMENT 

<1. 1> Structure Of Sensor According To First Embodiment 

A multi-axial angular velocity sensor according to 
the first embodiment of this invention will be first 
described- The sensor of the first embodiment is a sensor 
in which a mechanism utilizing Coulomb force is used as the 
oscillation mechanism and a mechanism utilizing change of 
electrostatic capacitance is used as the detection mechanism. 

Fig. 6 is a side cross sectional view of the 

* 

multi-axial angular velocity sensor according to the first 
embodiment. A flexible substrate 110 and a fixed substrate 
120 are both a disk-shaped substrate, and are disposed in 
parallel to each other with a predetermined spacing (distance) 
therebetween. On the lower surface of the flexible substrate 
110/ a columnar oscillator 130 is fixed. Further, the outer 
circumferential portion of the flexible substrate 110 and 
the outer circumferential portion of the fixed substrate 
120 are both supported by a sensor casing 140. On the lower 
surface of the fixed substrate 120, five upper electrode 
layers El to E5 (only a portion thereof is indicated in 
Fig. 6) are formed. Similarly, on the upper surface of the 
flexible substrate 110, five lower electrode layers Fl to 
F5 (only a portion thereof is also indicated) are formed. 
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In this embodiment , the fixed substrate 120 has sufficient 
rigidity, so there is no possibility that bending may take 
place. On the other hand, since the flexible substrate 110 
has flexibility, it functions as so called a diaphragm. The 
oscillator 130 is constituted with a material having a 
weight/ sufficient to produce a stable oscillation. For 
convenience of explanation, consideration will be made in 
connection with an XYZ three-dimensional coordinate system 
in which the gravity position O of oscillator 130 is 
assumed as the origin. Namely, X-axis is defined in a right 
direction of the figure, Z-axis is defined in an upper 
direction thereof, and Y-axis is defined in a direction 
perpendicular to plane surface of paper. It can be said 
that Fig. 6 is a cross sectional view cut along the XZ 
plane of the sensor. It is to be noted that, in this 
embodiment, the flexible substrate 110 and the fixed substrate 
120 are both constituted by an insulating material. In the 
case where there is a necessity of constituting these 
substrates with a conductive material such as metal, etc., 
it is sufficient to form respective electrode layers through 
insulating films so that these electrode layers are not 
short-circuited. 

The shape and the arrangement of the lower electrode 
layers Fl to F5 are clearly shown in Fig. 7. Fig. 7 is a 
top view of the flexible substrate 110, and the manner how 
fan-shaped lower electrode layers Fl to F4 and a circular 
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lower electrode layer F5 are arranged is clearly shown. On 
the other hand, the shape and the arrangement of the upper 
electrode layers El to E5 are clearly shown in Fig. 8. Fig. 
8 is a bottom view of the fixed substrate 120, and the 
manner how fan-shaped upper electrode layers El to E4 and a 
circular upper electrode layer E5 are arranged is clearly 
shown. The, upper electrode layers El to E5 and the lower 
electrode layers Fl to F5 have the same shape, and are 
formed at positions opposite to each other, respectively. 
Accordingly, electrostatic capacitance elements are formed 
by corresponding pairs of opposite electrode layers. 
Eventually, five electrostatic capacitance elements in total 
are formed. These electrostatic capacitance elements are 
called electrostatic capacitance elements CI to C5. For 
example, an element formed by the upper electrode layer El 
and the lower electrode layer Fl is called an electrostatic 
capacitance element CI. 

<1. 2> Oscillation Mechanism Of Oscillator 

Let now study what phenomenon takes place in the 
case where a voltage is applied across a predetermined pair 
of electrodes of the sensor. First, consideration will be 
made in the case where a predetermined voltage is applied 
across the electrode layers El, Fl . For example, as shown 
in Fig. 9, when a voltage is applied so that the electrode 
layer El side is positive and the electrode layer Fl side 
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is negative, the both electrode layers undergo an attractive 
force based on Coulomb force exerted therebetween J As 
previously described, flexible substrate 110 is a substrate 
having flexibility- Accordingly, bending takes place by 
such an attractive force. Namely, as shown in Fig. 9, the 
flexible substrate 110 is mechanically deformed so that the 
distance between the electrode layers El, Fl across which 
voltage is applied is contracted. When such a mechanical 
deformation takes place in the flexible substrate 110, 
oscillator 130 produces a displacement by Ax in the 
positive direction of the X-axis. 

Consideration will be then made in the case where 
a predetermined voltage is applied across the electrode 
layers E2, F2 . For example, as shown in Fig. 10, when a 
voltage is applied so that the electrode layer E2 side is 
positive and the electrode F2 side is negative, these 
electrodes undergo an attractive force exerted therebetween. 
Thus, the flexible substrate 110 is mechanically deformed 
so that the distance between the electrode layers E2, F2 is 
contracted. As a result, the oscillator 130 produces a 
displacement by -AX in the negative direction of the 
X-axis. Eventually, when a voltage is applied: across the 
electrode layers El, Fl, the oscillator 130 undergoes a 
displacement in the positive direction of the X-axis. On 
the other hand, when a voltage is applied across the 
electrode layers E2, F2, the oscillator 130 undergoes a 
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displacement in the negative direction of the X-axis. 
Accordingly, by interchangeably carrying out application of 
voltage across the electrode layers El, Fl and application 
of voltage across the electrode layers E2, F2, it is 
possible to reciprocate the oscillator 130 in the X-axis 

7 

direction. 

Meanwhile, as shown in Figs. 7 and 8, the above- 
described electrodes El, Fl; E2, F2 are electrode layers 
arranged on the X-axis. On the contrary, the electrode 
layers E3, F3, E4, F4 are arranged on the Y-axis. Accordingly, 
it can be easily understood that an approach is employed to 
interchangeably carry out application of voltage across the . 
electrode layers E3, F3 and application of voltage across 
the electrode layers E4, F4, it is possible to reciprocate 
the oscillator 130 in the Y-axis direction. 

Subsequently, consideration will be made in 
connection with the case where a predetermined voltage is 
applied across electrode layers E5, F5. For example, as 
shown in Fig. 11, when a voltage is applied so that the 
electrode layer E5 side is positive and the electrode layer 
F5 side is negative, these electrodes undergo an attractive 
force exerted therebetween, so flexible substrate 110 is 
mechanically deformed so that the distance between the 
electrode layers E5, F5 is contracted. Since these electrode 
layers E5, F5 are both positioned at centers of respective 
substrates, there takes place a displacement such that the 
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flexible substrate 110 undergoes parallel displacement in 
the Z-axis direction without being inclined. As a result, 
the oscillator 130 produces a displacement by Az in the 
positive direction of the Z-axis, When application of 
voltage across the both electrode layers E5, F5 is stopped, 
the oscillator 130 returns to the original position (position 
shown in Fig, 6) . Accordingly, by intermittently carrying 
out application of voltage across the both electrode layers 
E5, F5, it is possible to reciprocate the oscillator 130 in 
the Z-axis direction. 

As stated above, when application of voltage is 
carried out with respect to a specific set of electrode 
layers at a specific timing, it is possible to oscillate 
the oscillator 130 along the X-axis, the Y-axis and the 
Z-axis. It is to be noted that while it has been described 
that voltage is applied so that the upper electrode layers 
El to E5 side are positive and the lower electrode layer Fl 
to F5 side are negative, even if the polarity is caused to 
be opposite to the above, an attractive force is also 
exerted, with the result that the same phenomenon takes, 
place . 

Eventually, in order to allow the oscillator 130 
to produce oscillation Ux in the X-axis direction, it is 
sufficient to apply a voltage VI having a waveform as shown 
in Fig. 12 across the electrode layers El, Fl, and to apply 
a voltage V2 having a waveform as shown in Fig. 12 across 
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the electrode layers E2, F2. When voltages of such waveform 
are applied, a displacement AX as shown in Fig. 9 is 
produced in the oscillator 130 at time periods tl, t3, t5, 
and a displacement -Ax as shown in Fig. 10 is produced in 
the oscillator 130 at time periods t2, t4. Similarly, in 
order to allow the oscillator 130 to produce oscillation Uy 
in the Y-axis direction, it is sufficient to apply a 
voltage V3 having a waveform as shown in Fig. 13 across the 
electrode layers E3, F3, and to apply a voltage V4 having a 
waveform as shown in Fig. 13 across the electrode layers 
E4, F4. In order to allow the oscillator 130 to produce 
oscillation Uz in the Z-axis direction, it is sufficient to 
apply a voltage V5 having a waveform as shown in Fig. .14 
across the electrode layers E5, F5. When voltage V5 of such 
a waveform is applied, a displacement Az as shown in Fig. 
11 is produced in the oscillator 130 at time periods tl, 
t3, t5, and the oscillator 130 returns to the position 
shown in Fig. 6 by a restoring force of the flexible 
substrate 110 at time periods t2, t4 (At this time, a 
displacement -AZ corresponding to an inertia force is 
produced) . 

<1. 3> Mechanism For Detecting Coriolis Force 

1. 3. 1 Coriolis force based on angular velocity cox about 

the X-axis 

Subsequently, the mechanism for detecting a Coriolxs 

45 



force exerted on this sensor by making use of changes of 
electrostatic capacitance will be described. Initially, 
consideration is made in connection with the phenomenon 
that an angular velocity cox about the X-axis is exerted on 
the sensor. For example, in the case where object 20 shown 
in Fig. 2 is carrying out rotational movement at an angular 
velocity cox about the X-axis, if this sensor is mounted on 
the object 20, angular velocity (component) cox about the 
X-axis is exerted on the oscillator 130. Meanwhile, as 
explained with reference to Fig. 3, when the oscillator is 
caused to produce oscillation Uz in the Z-axis direction in 
the state where angular velocity cox about the X-axis is 
exerted, a Coriolis force Fy is produced in the Y-axis 
direction. Accordingly, when an approach is employed to 
apply a voltage V5 having a waveform as shown in Fig. 14 
across the electrode layers E5, F5 of this sensor, and to 
allow the oscillator 130 to produce oscillation Uz in the 
Z-axis direction, a Coriolis force Fy must be produced in 
the Y-axis direction. 

Fig. 15 is a side cross sectional view showing the 
state where a mechanical deformation is produced in the 
flexible substrate 110 by this Coriolis force Fy. When the 
oscillator 130 is oscillated in the Z-axis direction in the 
state where the entirety of the sensor rotates at angular 
velocity cox about the X-axis (in a direction perpendicular 
to plane surface of the figure) , a Coriolis force Fy is 
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produced in the Y-axis direction, so a force for moving the 
oscillator 130 in the Y-axis direction is applied. By this 
force, the flexible substrate 110 is deformed as shown. 
Such deformation deviating in the Y-axis direction is not 
based on Coulomb force between electrode layers , but results 
from Coriolis force Fy. With respect to a voltage applied 
across the electrode layers, voltage V5 as shown in Fig. 14 
is only applied across the electrode layers E5, F5 as 
described above, but any application of voltage is not 
carried out with respect to other pairs of electrode 
layers. In this case, since the Coriolis force Fy produced 
takes a value proportional to the angular velocity component 
cox, if the value of the Coriolis force Fy can be measured, 
it is possible to detect the angular velocity component co 
x. 

In view of this, the Coriolis force Fy is measured 
in accordance with the following method by making use of a 
change of electrostatic capacitance. Let now consider the 
distances between the upper electrode layers El to E5 and 
the lower electrode layers Fl to F5 . Since the oscillator 
130 oscillates in upper and lower directions of Fig. 15, 
contraction and expansion of the distance between both the 
electrode layers are cyclically repeated. Accordingly, the 
phenomenon that capacitance values (which are assumed to be 
indicated by the same reference numerals CI to C5) of the 
capacitance elements CI to C5 constituted with the upper 
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electrode layers El to E5 and the lower electrode layers Fl 
to F5 all cyclically increase or decrease will.be repeated. 
However, a deformation deviating in the Y-axis direction 

# 

always will be produced in the flexible substrate 110 by 
action of the Coriolis force Fy. As a result, the oscillator 
130 oscillates upwardly and downwardly while such a deformed 
state is kept. Namely, the electrode spacing (distance) of 
the capacitance element C3 is always smaller than the 
electrode spacing (distance) of the capacitance element C4 . 
Between the capacitance value C3 and the capacitance value 
C4, the relationship expressed as C3 > C4 always holds. 
Since a difference AC34 between the capacitance values C3 
arid C4 is dependent upon the degree of deviation in the 
Y-axis direction, it provides a value indicating the magnitude 
of the Coriolis force Fy. In other words, the greater the 
Coriolis force Fy is, the greater the difference AC34 is. 

Summary of the procedure for detecting angular 
velocity (component) o>x about the X-axis described above 
is as follows. First, a voltage V5 of a waveform as shown 
in Fig. 14 is applied across the electrode layers E5, F5 to 
allow oscillator 130 to produce oscillation Uz in the 
Z-axis direction, thus to determine a capacitance value 
difference AC34 between the capacitance elements C3, C4 at 
that time point. The difference AC34 determined in this 
way indicates a detected value of angular velocity component 
<mx to be determined. Since the electrode layers E5, F5 
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used for producing oscillation and the electrode layers E3, 
F3; E4, F4 used for measuring capacitance value differences 
are electrically completely independent, there is no 
possibility that any interference may take place between 
the oscillation mechanism and the detection mechanism. 



1.-3. 2 Coriolis force based on angular velocity coy 

about the Y-axis 

Let consider the phenomenon in the case where 
angular velocity coy about the Y-axis is exerted on this 
sensor. As explained with reference to Fig. 4, when the 
oscillator is caused to produce oscillation Ux . in the. 
X-axis direction in the state where angular velocity coy 
about the Y-axis is exerted, a Coriolis force Fz is 
produced in the Z-axis direction. Accordingly, when an 
approach is employed to apply a voltage VI and a voltage V2 
having waveforms as shown in Fig. 12 across the electrode 
layers El/ Fl and across the electrode layers E2, F2 of 
this sensor, and to allow oscillator 130 to produce oscillation 
Ux in the X-axis direction, a Coriolis force Fz must be 
produced in the Z-axis direction. 

Fig. 16 is a side cross sectional view : showing the 
state where a mechanical deformation is produced in the 
flexible substrate 110 by this Coriolis force Fz. When the 
oscillator 130 is oscillated in the X-axis direction in the 
state where the entirety of this sensor rotates at an 
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angular velocity coy about the Y-axis (in a direction 
perpendicular to plane surface of paper of the figure) , a 
Coriolis force Fz is produced in the Z-axis direction, so a 
force for moving the oscillator 130 in the Z-axis direction 
is applied* By this force, the flexible substrate 110 is 
deformed as shown. Such deformation deviating in the Z-axis 
direction is not based on Coulomb force between electrode 
layers, but results from Coriolis force Fz. With respect to 
application of voltage across electrode layers, as described 
above, voltages VI, V2 as shown in Fig. 12 are only applied 
across the electrode layers El, Fl; E2, F2, but any voltage 
is not applied across other electrode layers. Since the 
Coriolis force Fz produced indicates a value proportional 
to angular velocity coy, if the value of the Coriolis force 
Fz can be measured, it is possible to detect angular 
velocity (component) coy. 

The value of the Coriolis force Fz can be determined 
on the basis of capacitance value C5 of the capacitance 
element C5 formed by the upper electrode layer E5 and the 
lower electrode layer F5 . This is because there can be 
obtained the relationship that according as the Coriolis 
force Fz becomes greater, the distance between both the 
electrode layers is contracted, so the capacitance value C5 
becomes greater, whereas according as the Coriolis force Fz 
becomes smaller, the distance between both the electrode 
layers is expanded, so the capacitance value C5 becomes 
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small. It is to be noted that the oscillator 130 oscillates 
in the X-axis direction, but this oscillation Ux exerts no 
influence on measurement of capacitance value C5 . When the 
oscillator 130 produces a displacement in a positive 'direction 
or in a negative direction of the X-axis, the upper 
electrode layer E5 and the lower electrode layer F5 are 
placed in non-parallel state. However, since the distance 
between both the electrode layers is partially contracted 
and is partially expanded, the oscillation Ux has no 
influence on the capacitance value C5 as a whole. 

Summary of the procedure for detecting angular 
velocity component coy about the Y-axis described above is 
as follows. First, voltages VI and V2 of waveforms as shown 
in Fig. 12 are applied across the electrode layers El, Fl; 
E2, F2 to allow the oscillator 130 to produce oscillation 
Ux in the X-axis direction, thus to determine a capacitance 
value of the capacitance element C5 at that time point. The 
capacitance value C5 thus determined indicates a detected 
value of angular velocity (component) coy to be determined. 
Since the electrode layers El, Fl; E2, F2 used for producing 
oscillation and the electrode layers E5, F5 used for 
measuring a capacitance value are electrically completely 
independent, there is no possibility that any interference 
may take place between the oscillation mechanism and the 
detection mechanism. 



1. 3. 3 Coriolis force based on angular velocity coz 

about the Z-axis 

Finally, let consider the phenomenon in the case 
where angular velocity component coz about the Z-axis is 
exerted on this sensor. As explained with reference to Fig. 
5, when the oscillator is caused to produce oscillation Uy 
in the Y-axis direction in the state where angular velocity 
component coz about the Z-axis is exerted, a Coriolis force 
Fx is produced in the X-axis direction. Accordingly, when 
an approach is' employed to apply voltages V3, V4 having 
waveforms as shown in Fig. 13 across the electrode layers 
E3, F3 and across the electrode layers E4, F4 of this 
sensor, and to allow the oscillator 130 to produce oscillation 
Uy in the Y-axis direction, a Coriolis force Fx must be 
produced in the X-axis direction. 

Fig. 17 is a side cross sectional view showing the 
state where a mechanical deformation is produced in the 
flexible substrate 110 by this Coriolis force Fx. When the 
oscillator 130 is oscillated in the Y-axis direction (in a 
direction perpendicular to plane surface of paper) in the 
state where the entirety of this sensor rotates at angular 
velocity coz about the Z-axis, a Coriolis force Fx is 
produced in the X-axis direction, so a force for moving the 
oscillator 130 in the X-axis direction is applied. By this 
force, the flexible substrate 110 is deformed as shown. 
Such deformation deviating in the X-axis direction is not 
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based on Coulomb force between electrode layers, but results 
from the Coriolis force Fx. Since this Coriolis force Fx 
indicates a value proportional to the angular velocity 
component &>z, if the value of the Coriolis force Fx can be 
measured, it is possible to detect angular velocity coz. 

This Coriolis force Fx can be measured by making 
use of a change of electrostatic capacitance similarly to 
the Coriolis force Fy. Namely, while the previously described 
Coriolis force Fy can be determined by the difference AC34 
between the capacitance values C3 and C4, Coriolis force Fx 
can be determined by a difference AC12 between the capacitance 
values CI and C2 on the basis of exactly the same principle 
as the above. 

Summary of the procedure for detecting angular 
velocity coz about the Z-axis described above is as follows. 
First, an approach is employed to respectively apply voltages 
V3 and V4 of waveforms as shown in Fig. 13 across the 
electrode layers E3, F3 and across the electrode layers E4, 
F4, and to allow the oscillator 130 to produce oscillation 
Uy in the Y-axis direction, thus to determine a capacitance 
value difference AC12 between the capacitance elements CI, 
C2 at that time point. The difference AC12 thus determined 
indicates a detected value of angular velocity coz to be 
determined. Since the electrode layers E3, F3; E4, F4 used 
for producing oscillation and the electrode layers El, Fl; 
E2, F2 used for measuring a capacitance value difference 
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are electrically completely independent, there is no 
possibility that any interference may take place between 
the oscillation mechanism and the detection mechanism „ 

<1. 4> Circuit For Detecting Coriolis Force 

As described above, in the sensor according to the 
first embodiment, angular velocity cox about the X-axis is 
detected by determining a difference AC34 between capacitance 
values C3 and C4; angular velocity coy about the Y-axis is 
detected by determining capacitance value C5; and angular 
velocity coz about the Z-axis is detected by determining a 
difference AC12 between capacitance values CI and C2. In 
view of this, an example of a circuit suitable for measuring 
a capacitance value- or a capacitance value difference as 
described above is disclosed * 

Fig. 18 shows an example of a circuit for measuring 
capacitance value of capacitance element C. A signal delivered 
to an input terminal Tl is branched into signals in two 
paths, and these signals are respectively passed through 
inverters 151 and 152. In the lower path, the signal passed 
through the inverter 152 is further passed through a delay 
circuit comprised of a resistor 153 and a capacitance 
element C, resulting in becoming one input signal of an 
Exclusive OR circuit 154. In the upper path, the signal 
passed through the inverter 151 results in becoming the 
other input signal of the Exclusive OR circuit 154 as it 
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is. A logical output of the Exclusive OR circuit 154 is 
delivered to an output terminal T2. In this example, the 
inverter 152 is an element provided for the purpose of 
providing sufficient drive ability with respect to a delay 
circuit comprised of resistor 153 and capacitance element 
C. In addition, the inverter 151 is an element provided for 
the purpose of allowing the upper and lower paths to have 
the same condition, and is an element having the same 
operating characteristic as that of the inverter 152. 

Consideration will be made in connection with the 
case where when an a.c. signal of a predetermined period is 
delivered to the input terminal Tl in such a circuit, what 
signal can be obtained on the output terminal T2. Fig. 19 
is a timing chart showing waveforms appearing on respective 
portions in the case where a rectangular a.c. signal of a 
half period f is delivered to the input terminal Tl 
(Although rounding occurs in a rectangular wave in actual, 
such a waveform is indicated as a pure rectangular wave for 
convenience of explanation) in this example. The waveform 
' on the node Nl, which is one input terminal of the 
Exclusive OR circuit 154, is an inverted waveform delayed 
by a time a required for which a signal is passed through 
the inverter 151 with respect to the waveform delivered to 
the input terminal Tl. On the other hand, the waveform on 
the node N2, which is the other input terminal of the 
Exclusive OR circuit 154, is an inverted waveform delayed 
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by a time in total (a+b) of a time a required for which a 
signal is passed through the inverter 152 and a time b 
required for which a signal is passed through the delay 
circuit comprised of the resistor 153 and the capacitance 
element C with respect to the waveform delivered to the 
input terminal TL As a result, the output waveform of the 
Exclusive OR circuit 154 obtained at the output terminal T2 
is a waveform having a pulse width b and a period f as 
shown. When it is now assumed that the capacitance value of 
the capacitance element C varies, any change takes place in 
the delay time b of the delay circuit comprised of the 
resistor 153 and the capacitance element C. Accordingly, 
the pulse width thus obtained is equal to a value indicating 
capacitance value of the capacitance element C. 

Fig. 20 shows an example of a circuit for measuring 
a difference Ac between capacitance values of two capacitance 
elements CI, C2. A signal delivered to an input terminal T3 
is branched into signals in two paths, and these signals 
are respectively passed through inverters 161 and 162. Ih 
the upper path, the signal passed through the inverter 161 
is further passed through a delay circuit comprised of a 
resistor 163 and a capacitance element CI, resulting in one 
input signal of the Exclusive OR circuit 165. In the lower 
path, the signal passed through the inverter 162 is further 
passed through a delay circuit comprised of a resistor 164 
and a capacitance element C2, resulting in the other input 
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signal of the Exclusive OR circuit 165. A logical output of 
the Exclusive OR circuit 165 is delivered to output terminal 
T4. In this example, the inverters 161, 162 are an element 
provided for the purpose of providing sufficient drive 
ability with respect to a delay circuit of the succeeding 
stage, and the both inverters have the same operating 
characteristic • 

Let now consider what signal can be obtained at an 
output terminal T4 in the case where an a*c. signal of a 
predetermined period is delivered to the input terminal T3 
ih such a circuit* As shown in Fig. 21, when a rectangular 
a»c. signal is delivered to input terminal T3, the waveform 
on node N3, which is one input terminal of the Exclusive OR 
circuit 165, is an inverted waveform having a predetermined 
delay time dl , Similarly, the waveform on node N4, which is 
the other input terminal, is an inverted waveform having a 
predetermined delay time d2. As a result, the output 
waveform of the Exclusive. OR circuit 165 obtained at the 
output terminal T4 is a waveform having a pulse width d as 
shown. Here, the pulse width d is a value corresponding to 
a difference between delay times dl and d2, and takes a 
value corresponding to difference AC between capacitance 
values of the two capacitance elements CI, C2. Thus, the 
capacitance value difference AC can be obtained as pulse 
width d. . 



57 



<1. 5> Modification 1 

In the above-described sensor according to the 
first embodiment, an attractive force based on Coulomb 
force is exerted to the oscillate oscillator 130. For 
example, in the case of oscillating the oscillator 130 in 
the X-axis direction, it is sufficient that the first state 
where charges having polarities opposite to each other are 
delivered to both the electrode layers El, Fl so that an 
attractive force is exerted therebetween as shown in Fig. 9 
and the second state where charges having polarities opposite 
to each other are delivered to both the electrode layers 
E2, F2 so that an attractive force is exerted therebetween 
as shown in Fig. 10 are repeated reciprocally. However, in 
order to still more stabilize such an oscillation, it is 
preferable to exert a repulsive force along with an attractive 
force. When an approach is employed, as shown in Fig. 22, 
for example, to respectively deliver positive and negative 
charges to the upper electrode layer El and the lower 
electrode layer Fl to allow both the electrode layers to 
undergo an attractive force exerted therebetween, and to 
deliver negative charges to both the upper electrode layer 
E2 and the lower electrode layer F2 (or to deliver positive 
charges to both the electrodes) to allow both the electrode 
layers to undergo a repulsive force exerted therebetween, 
it is possible to carry out, in more stable manner, the 
operation for allowing the oscillator 130 to undergo 
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displacement by AX in the positive direction of the 
X-axis, The state shown in Fig. 9 and the state shown in 
Fig. 22 are the same in that the oscillator 130 is caused 
to undergo displacement AX. However, the former is dependent 
upon a force exerted on one portion, whereas the latter is 
dependent upon a force exerted on two portions . Therefore, 
the latter is more stable than the former. 

Similarly, as shown in Fig. 10, also in the case 
where the oscillator 130 is caused to undergo displacement 
by -Ax in the negative direction of the X-axis, when an 
approach is employed, as shown in Fig. 23, to respectively 
deliver positive charges and negative charges to the upper 
electrode layer E2 and the lower electrode layer F2 to 
allow both the electrode layers to undergo an attractive 
force exerted therebetween, and to deliver negative charges 
to both the upper electrode layer El and the lower electrode 
layer Fl (or to deliver positive charges to both the 
electrodes) to allow both the electrode layers to undergo a 
repulsive force exerted therebetween, the operation can be 
still more stabilized. Eventually, when an approach is 
employed to deliver charges of a predetermine polarity to 
respective electrode layers at a predetermined timing so 
that the first state shown in Fig. 22 and the second state 
shown in Fig. 23 are repeated reciprocally, it is possible 
to oscillate the oscillator 130 in the X-axis direction in 
a stable manner. Also in the case of oscillating the 
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oscillator 130 in the Y-axis direction, its operation is 
exactly the same as the above . 

Let consider the case where the oscillator 130 is 

* 

oscillated in the Z-axis direction. In the previously 
described embodiment/ the first state where positive charges 
and negative charges are respectively delivered to the 
upper electrode layer E5 and the lower electrode layer F5 
to allow both the electrode layers to undergo an attractive 
force exerted therebetween as shown in Fig. 11 and the 
neutral state where no charge is delivered to any electrode 
layer are repeated reciprocally so that oscillation Uz is 
produced. Also in this case, by making use of a repulsive 
force between both electrode layers, the operation can be 
more stabilized* Namely, when an approach is employed as 
shown in Fig. 24 to deliver positive charges to both the 
upper electrode layer E5 and the lower electrode layer F5 
(6r to deliver negative charges to both the electrode 
layers) to allow both the electrode layers to undergo a 
repulsive force exerted therebetween, the oscillator 130 
produces a displacement -Az in the negative direction of 
the Z-axis. In view of this, when an approach is employed 
to deliver, at a predetermined timing, charges of a 
predetermined polarity to respective electrode layers so 
that the first state shown in Fig. 11 and the second state 
shown in Fig, 24 are repeated reciprocally, it becomes 
possible to oscillate the oscillator 130 in a stabilized 
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manner in the Z-axis direction. 

While it is possible to easily deliver charges of 
polarities opposite to each other to a pair of opposite 
electrode layers, it is necessary to make a particular 
device in order to deliver charges of the same polarity. 
Namely, it is sufficient to apply a predetermined voltage 
across both electrode layers in order to deliver charges of 
polarities opposite to each other, but such a method cannot 
be applied in order to deliver charges of the same polarity. 
To solve this problem, there may be employed a method in 
which respective electrode layers are caused to be of a 
double layer structure through dielectric substance. Fig. 
25 is a side cross sectional view of a sensor employing 
such a structure. Lower electrode layers Fl to F5 are 
formed on the upper surface of a dielectric substrate 171, 
and auxiliary electrode layers Fla to F5a are formed 
between the dielectric substrate 171 and the flexible 
substrate 110 . The auxiliary electrode layers Fla to F5a 
have the same shape as that of the lower electrode layers 
Fl to F5, and are arranged at the same positions, respectively. 
Similarly, upper electrode layers El to E5 are formed on 
the lower surface of a dielectric substrate 172, and 
auxiliary electrode layers Ela to E5a are formed between 
the dielectric substrate 172 and the fixed substrate 120. 
The auxiliary electrode layers Ela to E5a have the same 
shape as that of the upper electrode layers El to E5 and 
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are arranged at the same positions, respectively. 

If such a double layer structure is employed, it 
is possible to allow specific electrode layers to undergo 
an attractive force exerted therebetween, or to allow them 
to undergo a repulsive force exerted therebetween without 
constraint. This is indicated by using an actual example. 
Fig. 26 is a view showing only extracted portions of 
respective electrode layers and respective dielectric 
substrates in the sensor shown in Fig. 25. For example, in 
the case where there is a desire to allow the electrode 
layers El, Fl to undergo an attractive force exerted 
therebetween, it is sufficient to apply a voltage V across 
both the electrode layers so that charges of polarities 
opposite to each other are delivered thereto. On the 
contrary, in the case where there is a desire to allow the 
electrode layers E2, F2 to undergo a repulsive force 
exerted therebetween, it is sufficient to apply a voltage 
across the auxiliary substrates E2a, F2a and across the 
electrode layers E2, F2 as shown. Since voltage V is 
applied with the dielectric substrate 171 being put between 
the auxiliary electrode layer and the electrode layer, 
negative charges are produced in the electrode layer F2 and 
positive charges are produced in the auxiliary electrode 
layer F2a. Similarly, since voltage V is applied with the 
dielectric substrate 172 being put between the auxiliary 
electrode layer and the electrode layer, negative charges 
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are produced in the electrode layer E2 and positive charges 
are produced in the auxiliary electrode layer E2a. In this 
way, charges of the same polarity are delivered as a result 

r 

to both the electrode layers E2, F2. Thus, both the 
electrode layers are permitted to undergo a repulsive force 
exerted therebetween. 

<1. 6> Modification 2 

The above-described modification 1 somewhat becomes 
complex in structure than the sensor shown in Fig. 6. On 
the contrary, modification 2 described below is directed to 
a sensor in which the structure of the sensor shown in Fig» 
6 is more simplif ied. Namely, in the sensor of the modification 
2, as shown in Fig. 21, a single common electrode layer EO 
is formed in place of the upper electrode layers El to E5 . 
This common electrode layer EO is a disk-shaped electrode 
layer having such dimensions to face all of the lower 
electrode layers Fl to F5. Even if electrode layers on one 
side are formed as a single common electrode layer as 
stated above, when a potential on this common electrode 
layer side is always taken as a reference potential, no 
obstruction takes place in the operation of this sensor. 
For example, in the case of applying a voltage across a 
specific pair of electrode layers in order to allow the 
oscillator 130 to produce oscillation, it is sufficient 
that the common electrode layer EO side is grounded to 
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deliver a voltage to a predetermined electrode layer of the 
lower electrode layers Fl to F5 . Further, also in the case 
of detecting Coriolis force on the basis of change of 
capacitance value, it is sufficient that the common electrode 
layer EO side is similarly grounded to handle respective 
capacitance elements CI to C5. 

As stated above, the five upper electrode layers 
El to E5 are replaced by the single common electrode layer 
EO, thereby permitting mechanical structure of the sensor 
and/or necessary wiring thereof to be more simple. Further, 
if fixed substrate 120 is constituted with a conductive 
material such as metal, etc., the lower surface of the 
fixed substrate 120 can be used as the common electrode 
layer EO* For this reason, the necessity of purposely 
forming the common electrode layer EO as a separate body on 
the lower surface of the fixed substrate 120 is eliminated. 
Thus, the structure becomes simpler. 

While the example where the upper electrode layers 
El to E5 sides are replaced by the common electrode layer 
EO has been described, the lower electrode layers Fl to F5 
sides may be replaced by a common electrode layer FO in a 
manner opposite to the above. 

§ 2 SECOND EMBODIMENT 

<2. 1> Structure Of Sensor According To Second Embodiment 

Subsequently, a multi-axial angular velocity sensor 
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according to a second embodiment of this invention will be 
described. This second embodiment is also the same as the 
above-described sensor of the first embodiment in that a 

* 

mechanism utilizing Coulomb's force is used as the oscillating 
mechanism and a mechanism utilizing change of electrostatic 
capacitance is used as the detecting mechanism. It should 
be noted that its structure is comprised of a plurality of 
substrates stacked, and is therefore more suitable for mass 
production . 

Fig. 28 is a side cross sectional view of the 
multi-axial angular velocity sensor according to the second 
embodiment. This sensor includes, as its main components/ a 
first substrate 210, a second substrate 220, and a third 
substrate 230. In this embodiment, the first substrate 210 
is comprised of a silicon substrate, and the second and 
third substrates 220 and 230 are comprised of a glass 
substrate. Respective substrates are connected to each 
other by anodic bonding. The first substrate 210 is a 
substrate serving as the center role of this sensor. Fig. 
29 is a top view of the first substrate 210. As clearly 
shown in Fig. 29, L-shaped opening portions HI to H4 are 
provided in the first substrate 210, Respective opening 
portions HI to H4 have a taper shape such that the widths 
become broader according as the positions thereof shift in 
a lower direction. The side cross sectional view cut along 
cutting lines 28-28 in Fig. 29 is Fig. 28, and the side 
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cross sectional view cut along the cutting lines 30-30 is 
Fig. 30, The cross sections in a taper shape of opening 
portions H3, H4 are shown in Fig. 30. In Fig. 29, the 
inside square portions encompassed by the f our L-shaped 
5 opening portions HI to H4 constitute am oscillator 211, and 
the outside portions of the L-shaped opening portions HI to 
H4 constitute a support frame 213 with respect to the 
oscillator 211. The oscillator 211 is connected at four 
portions with respect to the support frame 213. These four 
10 connecting portions serve as a bridging portion 212. In 
other .words, the square oscillator 211 is in hanging state 
by the bridging portions 212 at four portions. In addition, 
as shown in Fig. 28 or 30/ the bridging portion 212 is a 
member in a very small thin plate form as compared to the 
15 original thickness of the first substrate 210, thus providing 
flexibility. For this reason, the oscillator 211 can move 
with a certain degree of freedom in the state where it is 
hung by the bridging portions 212. On the upper surface of 
the oscillator 211, as shown in Fig. 29, fivie lower 
20 electrode layers Gl to G5 are formed. These lower electrode 
layers Gl to G5 perform, similarly to the lower electrode 
layers Fl to F5 in the previously described sensor of the 
first embodiment/ the function for allowing the oscillator 
211 to be oscillated and the function for detecting a 
25 Coriolis force exerted on the oscillator 211. 

A second substrate 220 functions as a pedestal for 
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supporting the peripheral portion of the first substrate 
210. To realize this, a recess 221 is formed at the 
portions except for the peripheral portion of the upper 
surface of the second substrate 220. By formation of this 
recess 221, the oscillator 211 can be kept in a hanging 
state without being in contact with the second substrate 
220. 

A third substrate 230 functions as a cover for 
covering the upper surface of the first substrate 210 . The 
bottom view of the third substrate 230 is shown in Fig. 31. 
The lower surface of the third substrate 230 is dug except 
for a small portion therearound, and an upper electrode 
layer GO is formed on the dug surface 231. The upper 
electrode layer GO is square -, and is placed in the state 
where it is faced to all the lower electrode layers Gl to 
G5 as indicated by the side cross sectional view of Fig. 28 
or Fig. 30. This lower electrode layer GO corresponds to 
the common electrode layer E0 of the sensor of Fig. 27 
shown as modification 2 in the previously described first 
embodiment . 

Such sensors comprised of three substrates are 
suitable for mass production. Namely, machining (or chemical 
processing such as etching, etc.) may be individually 
implemented to respective substrates thereafter to form 
electrode layers or wiring layers to connect and combine 
them. If a silicon substrate is used as the first substrate 
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210, the electrode layers Gl to G5 may be formed by a 
diffused layer. Further, the electrode layer GO may be 
formed with a vacuum deposition liayer such as aluminum, in 
this way, electrode layers or wiring layers may be formed 
by general semiconductor planar process. 

<2. 2> Mechanism For Oscillating Oscillator 

The sensor of this embodiment is the same as the 
previously described sensor of the first embodiment in that 
an approach is employed to apply a predetermined voltage, 
at a predetermined timing, to the five lower electrode 
layers Gl to G5 formed on the oscillator 211 and the upper 
electrode layer GO opposite thereto to thereby allow both 
the electrode layers to undergo Coulomb's force therebetween, 
thus making it possible to oscillate the oscillator 211 in 
a predetermined direction. It is to be noted that arrangement 
of electrode layers of the sensor of the second embodiment 
and that of the previously described sensor of the first 
embodiment are somewhat different. In the sensor of the 
first embodiment, as shown in Fig. 7, the electrode layers 
Fl, F2 are disposed on the X-axis and the electrode layers 
F3, F4 are disposed on the Y-axis. On the contrary, in the 
sensor of the second embodiment which will be described 
below, as shown in Fig. 29, the electrode layers Gl to G4 
are all not dlisposed on the X-axis or the Y-axis. Namely/ 
the electrode layers Gl to G4 are respectively arranged in 
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first to fourth quadrants with respect to the XY plane. For 
this reason, a method of applying a voltage required for 
oscillating the oscillator 211 in a specific direction is 
somewhat different from that of the previously described 
example. This voltage application method will now be described 
in a more practical manner. 

In order to oscillate the oscillator 211 in the 
X-axis direction/ the following method is adopted, it is 
now assumed that a potential on the upper electrode layer 
GO is caused to be earth potential as a reference potential , 
arid a predetermined voltage (e.g./ +5V) is applied to the 
lower electrode layers Gl to G5. First, when voltages of +5 
volts are respectively applied to both the lower electrode 
layers Gl and G4/ it is easily understood that the electrode 
layers Gl/ GO and the electrode layers G4, GO are caused to 
respectively undergo attractive force exerted therebetween. 
Thus, the oscillator 211 is brought into the state where a 
displacement Ax takes place in a positive direction of the 
X-axis. Then, potentials on the lower electrode layers Gl> 
G4 are caused to be a reference potential for a second time 
and voltages of +5 volts are respectively applied to both 
the lower electrode layers G2 and G3 . As a result, the 
electrode layers G2 f GO and the electrode layers G3 and GO 
are caused to respectively undergo attractive force exerted 
therebetween. Thus, the oscillator 211 is brought into the 
state where a displacement -Ax takes place in a negative 
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direction of the X-axis . When a predetermined voltage is 
applied to respective electrode layers at a predetermined 
timing so that these two states are repeated one after 
another, it becomes possible to oscillate the oscillator 
211 in the X-axis direction. 

In the case of oscillating the oscillator 211 in 
the Y-axis direction/ an operation similar to the above is 
conducted* First, when voltages of +5 volts are respectively 
applied to both the lower electrode layers Gl and G2, it is 
easily understood that the electrode layers Gl/ GO and the 
electrode layers G2/ GO are caused to undergo attractive 
force exerted therebetween, respectively. Thus, the oscillator 
211 is brought into the state where displacement AY takes 
place in a positive direction of the Y-axis* Then, potentials 
on the lower electrode layers Gl, G2 are caused to be a 
reference potential for a second time and voltages of +5 
volts are respectively applied to both the lower electrode 
layers G3 and G4. As a result, the electrode layers G3/ GO 
and the electrode layers G4/ GO are caused to respectively 
undergo attractive force exerted therebetween. Thus, the 
oscillator 211 is brought into the state where displacement 
-AY takes place in a negative direction of the Y-axis. 
When a predetermined voltage is applied to respective 
electrode layers at a predetermined timing so that the 
above-mentioned two states are repeated one after another, 
it becomes possible to oscillate the oscillator 211 in the 
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Y-axis direction. 

In addition, in order to oscillate the oscillator 
211 in the Z-axis, it is sufficient to employ the same 

i 

method as that of the above-described sensor of the first 
embodiment. Namely, it is enough to repeatedly carry out an 
operation to apply +5 volts to the lower electrode layer 
G5, or to allow an applied voltage to be 0 volts for a 
second time. 

<2. 3> Mechanism For Detecting Coriolis Force 

In the sensor according to the second embodiment, 
the principle for detecting Coriolis force exerted on the 
oscillator 211 resides in utilization of change of 
electrostatic capacitance similarly to the previously 
described sensor according to the first embodiment* However, 
since there is a slight difference in the arrangement of 
electrode layers, there is a slight difference in combination 
of capacitance elements used as a detecting element. The 
combination of capacitance elements will now be described 
in a more practical sense. It is here assumed that five 
sets of capacitance elements constituted by combination of 
the lower electrode layers Gl to G5 and the upper electrode 
layer GO are respectively called capacitance elements CI to 
C5 for convenience of explanation, and capacitance values 
of these capacitance elements are similarly called CI to 
C5. 



A method of detecting Coriolis force Fx exerted 
in the X-axis will be first studied- In accordance with the 
electrode layer arrangement shown in Fig- 29 , it can be 
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easily imagined that when Coriolis force Fx in the positive 
direction of the X-axis is applied to the oscillator 211, 
the electrode layer spacing between the capacitance elements 
CI/ C4 is contracted and the electrode layer spacing 
between the capacitance elements C2, C3 is broadened. 
Accordingly/ capacitance values CI, C4 increase, whereas 
capacitance values C2, C3 decrease. Then, if a difference 
of (C1+C4) - (C2+C3) is obtained, this difference takes a 
value corresponding to the Coriolis force Fx. 

A method of detecting a Coriolis force Fy exerted 
in the Y-axis direction will now be studied. In accordance 
with the elep.trode layer arrangement shown in Fig. 29/ it 
can be easily imagined that when Coriolis force Fy in the 
positive direction of the Y-axis is applied to the oscillator 
211/ the electrode layer spacing between the capacitance 
elements CI/ C2 is contracted/ whereas the electrode layer 
spacing between the capacitance elements C3, C4 is broadened. 
Accordingly, capacitance values CI/ C2 increase, whereas 
capacitance values C3, C4 decrease. Then, if a difference 
of (C1+C2) - (C3+C4) is obtained, this difference takes a 
value corresponding to Coriolis force Fy. 

A method of detecting a Coriolis force Fz exerted 
in the Z-axis direction is the same as the detecting method 
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in the previously described sensor of the first embodiment. 
Namely, a capacitance value C5 of the capacitance element 
C5 takes a value indicating Coriolis force Fz. 

It is to be noted that, in the sensor of this 
embodiment, since the same electrode layers are used at the 
same time for both the oscillating mechanism and the 
detecting mechanism, it is required that a voltage supply 
circuit for producing oscillation and a circuit for detecting 
a capacitance value varying on the basis of Coriolis force 
do not interfere with each other. 

<2.4> Modification 1 

A sensor shown in Fig. 32 is a modification of the 
sensor according to the second embodiment shown in Fig. 28. 
In this modification, a fourth substrate 240 is further 
used in addition to the first substrate 210, the second 
substrate 220 and the third substrate 230. The fourth 
substrate 240 is constituted by an oscillator 241 and a 
pedestal 242. The oscillator 241 is a block in a square 
form when viewed from the top, and the pedestal 242 is a 
frame in such a form to surround the periphery thereof* The 
oscillator 241 of the fourth substrate is connected to the 
oscillator 211 of the first substrate, and these oscillators 
211 and 241 function as a single oscillator as a whole. By 
adding fourth, substrate 240 in this way, mass of oscillator 
can be increased. Thus, detection of higher sensitivity can 
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be made. It is to be noted that, in this modification, five 
upper electrode layers G6 to G10 are provided in place of 
providing the common upper electrode layer GO as electrode 
layers opposite to the five lower electrode layers Gl to 
G5. 



<2. 5> Modification 2 

A sensor shown in Fig. 33 is another modification 
of the sensor according to the second embodiment shown in 
Fig. 28. The substrate functioning as the center of this 
sensor is a flexible substrate 250. Fig. 34 is a top view 
of this flexible substrate 250 . As indicated by broken 
lines in the figure, an annular groove is formed at the 
lower surface of the flexible substrate 250. Since the 
portion where such groove is formed has a thin thickness, 
it has flexibility (which is indicated as a flexible 
portion 252 in Fig. 33) . It is now assumed that the inside 
portion encompassed by the annular flexible portion 252 is 
called a working portion 251 and the outside portion of the 
flexible portion 252 is called a fixed portion 253. On the 
lower surface of the working portion 251, an oscillator 260 
in a block form is fixed. Further, the fixed portion 253 is 
supported by a pedestal 270 and the pedestal 270 is fixed 
on a base substrate 280. Eventually, the oscillator 260 is 
placed in hanging state within a space encompassed by the 
pedestal 270. Since the flexible portion 252 with a thin 
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thickness has flexibility, the oscillator 260 can undergo 
displacement within this space with a certain degree of 
freedom. Further, a cover substrate 290 is attached at the 
upper portion of the flexible substrate 250 in such a 
manner to cover it while keeping a predetermined space. 

As shown in Fig. 34, five lower electrode layers 
Fl to F5 are formed on the upper surface of flexible 
substrate 250. These electrode layers have the same shape 
and the same arrangement as those of the lower electrode 
layers Fl to F5 in the sensor according to the first 
embodiment shown in Fig. 6. Further, a common upper electrode 
layer E0 opposite to ail the five lower electrode layers Fl 
to F5 is formed on the lower surface of the cover substrate 
290. It is to be noted that since the operation of this 
sensor is equivalent to the operation of the sensor shown 
in Fig. 27 , the detailed explanation is omitted here. 



§ 3 THIRD EMBODIMENT 

<3. 1> Structure Of Sensor According To Third Embodiment 

Subsequently, a multi-axial angular velocity sensor 
according to the third embodiment of this invention will be 
described. While the third embodiment is the same as the 
previously described sensors of the first and second 
embodiments in that mechanism utilizing Coulomb's force is 
used as an oscillating mechanism, it is characterized in 
that mechanism utilizing a piezo resistance element is used 
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as a detecting mechanism. 

Fig. 35 is a side cross sectional view of the 
multi-axial angular velocity sensor according to the third 
embodiment. This sensor includes, as major components, a 
first substrate 310, a second substrate 320, a third 
substrate 330, and a fourth substrate 340. In this embodiment, 
the first and third substrates 310 and 330 are constituted 
with silicon substrate, and the second and fourth substrates 
320 and 340 are constituted with a glass substrate. Such 
structure comprised of four layers of substrates is 
substantially the same as the modification shown in Fig. 32 
in the previously described second embodiment. The first 
substrate 310 is a substrate which performs the role 
serving as the center of this sensor, and Fig. 36 is a top 
view of the first substrate 310. As indicated by broken 
lines in the figure, an annular groove is formed at the 
lower surface of the first substrate 310. Since the portion 
. where this groove is formed has a thin thickness, it has 
flexibility (which is indicated as a flexible portion 312 
in Fig. 35) . It is now assumed that the inside portion 
encompassed by the annular flexible portion 312 is called a 
working portion 311 and the outside portion of the flexible 
portion 312 is called a fixed portion 313. The second 
substrate 320 is constituted with an oscillator 321 in a 
block form and a pedestal 322 in a frame form to surround 
the periphery thereof. The oscillator 321 is fixed on the 
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bottom surface of the working portion 311. Further, the 
pedestal 322 is fixed on the bottom surface of the fixed 
portion 313. 

A third substrate 330 performs the role as a base 
5 substrate for supporting the pedestal 322. To realize this, 
at the portion except for the periphery on the upper 
surface side of the third substrate 330, a recess 331 is 
formed. By formation of this recess 331, the oscillator 321 
is- supported without being in contact with the third 
10 substrate 330. Eventually, the oscillator 321 is in hanging 
state within a space encompassed by the pedestal 322. Since 
the flexible portion 312 with a thin thickness has flexibility 
in the first substrate 310, the oscillator 321 can undergo 
displacement within this space with a certain degree of 
15 freedom. Further, a fourth substrate 340 is attached at the 
upper part of the first substrate 310 in a manner to cover 
it while keeping a predetermined space. 

As shown in fig. 36, five lower electrode layers 
Fl to F5 are formed on the upper surface of the first 
20 substrate 310. These electrode layers are equivalent to the 
lower electrode layers Fl to F5 in the sensor according to 
the first embodiment shown in Fig. 6. It is to be noted 
that, as described later, a plurality of piezo resistance 
elements R are formed on the upper surface of the first 
2S substrate 310., and the shape of lower electrode layers Fl 
to F4 is somewhat different from the shape of the lower 

77 



electrode layers Fl to F4 in the sensor shown in Fig. 6 so 
as to avoid the region where these piezo resistance elements 
R are formed. Further, a common upper electrode layer EO 
face to all the five lower electrode layers Fl to F5 is 
formed on the lower surface of the fourth substrate 340. 

Piezo resistance elements R are an element formed 
by injecting impurity at predetermined positions on the 
upper surface side of the first substrate 310 comprised of 
silicon, and have the property that electric resistance 
varies by action of mechanical stress. As shown in Fig. 36, 
twelve piezo resistance elements R in total, that is, four 
elements along the X-axis, four elements along the Y-axis, 
and four elements along an oblique axis inclined at 45 
degrees relative to the Y-axis are arranged. All elements 
are arranged • on the flexible portion 312 having thin 
thickness. When bending takes place in the flexible portion 
312 by displacement of the oscillator 321, resistance 
values of the piezo-resistance elements vary in correspondence 
with this bending. It is to be noted that, in the side 
cross sectional view of Fig. 35, indication of these piezo 
resistance elements R is omitted for avoidance of complexity 
of the figure. It is now assumed that, as shown.: in Fig. 37, 
with respect to these twelve resistance elements, four 
resistance elements arranged along the X-axis are called 
Rxl, Rx2, Rx3, Rx4, four resistance elements arranged along 
the Y-axis are called Ryl/ Ry2/ Ry3, Ry4, and four resistance 
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elements arranged along the oblique axis are called Rzl, 
Rz2> Rz3, Rz4. 

<3. 2> Mechanism For Oscillating Oscillator 

In this sensor, the mechanism for oscillating the 
oscillator 321 in a predetermined axis direction is exactly 
the same as that of the sensor according to the first 
embodiment shown in Fig. 6. The five lower electrode layers 
Fl to F5 shown in Fig. 36 is completely equivalent, to the 
five lower electrode layers Fl to F5 shown in Fig. 7 in 
point of the essential function although the shape is 
somewhat different. Accordingly, by applying a predetermined 
voltage to the five lower electrode layers Fl to F5 and tlie 
common upper electrode layer EO opposite thereto at a 
predetermined timing, Coulomb's force is applied across 
both the electrode layers, thus making it possible to 
oscillate the oscillator 321 in any direction of the 
X-axis, the Y-axis and the Z-axis in the XYZ three-dimensional 

i 

coordinate system . 

<3. 3> Mechanism For Detecting Coriolis Force 

The feature of the sensor according to: this third 
embodiment resides in that detection of Coriolis force is 
carried out by using piezo resistance elements. This detecting 
method will now be described. Let now consider the case 
where a Coriolis force Fx in the positive direction of the 
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X-axis is applied to the oscillator 321 as shown in Fig. 38 
(indication of respective electrode layers is omitted in 
this figure for the purpose of avoiding complexity of the 
figure) . When Coriolis force Fx is applied, bending as 
shown in the figure takes place in the flexible portion 312 
of the first substrate 310, Such a bending varies resistance 
values of the four piezo-resistance elements Rxl to Rx4 
arranged along the X-axis* In actual terms, resistance 
values of the piezo resistance elements Rxl, Rx3 increase 
(indicated by H" sign in the figure) , whereas resistance 
values of the piezo resistance elements Rx2, Rx4 decrease 
(indicated by w - tt sign in the figure) . In addition, the 
degree of increase /decrease is proportional to the magnitude 
of Coriolis force Fx applied. On the other hand, in the 
case where Coriolis force -Fx in the negative direction of 
the X-axis is applied, the relationship of increase /decrease 
is inverted. Accordingly, if changes of resistance values 
of respective piezo resistance elements are detected, it is 
possible to determine the applied Coriolis force Fx. 

In more practical sense, a bridge circuit as shown 
in Fig. 39 is formed by the four piezo resistance elements 
Rxl to Rx4 to apply a predetermined voltage . by using a 
power supply 350. Then, a bridge voltage Vx is measured by 
a voltage meter 361. Here, in the reference state where no 
Coriolis force is applied (the state shown in Fig. 35), 
when setting is made such that the bridge circuit is 
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equilibrated (bridge voltage Vx becomes equal to zero) , 
bridge voltage Vx measured by the voltage meter -361 indicates 
Coriolis force Fx. 

On the other hand/ when Coriolis force Fy in the 
Y-axis direction is applied, similar resistance value changes 
take place with respect to the four piezo resistance 
elements Ryl to Ry4 arranged along the Y-axis. Accordingly, 
when a bridge circuit as shown in Fig. 4 0 is formed by 
these four piezo resistance elements to deliver a predetermined 
voltage by using a power supply 350, a bridge voltage Vy 
measured by a voltage metesr 362 indicates Coriolis force 
Fy . 

Further, when Coriolis force Fz in the Z-axis 
direction is applied, resistance value changes take place 
with respect to the four piezo resistance elements Rzl to 
Rz4 arranged along the oblique axis. For example, when 
Coriolis force in the positive direction of the Z-axis is 
applied, resistance values of the piezo resistance elements 
Rzl, Rz4 decrease, whereas resistance values of the piezo 
resistance elements Rz2, Rz3 increase. Accordingly, when a 
bridge circuit as shown in Fig. 41 is formed by these four 
piezo resistance elements to deliver a predetermined voltage 
by using a power supply 350, a bridge voltage Vz measured 
by a voltage meter 363 indicates Coriolis force Fz. 

When detection of Coriolis force is carried out by 
using piezo resistance elements in this way, the mechanism 
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for oscillating the oscillator 321 in a predetermined axial 
direction (utilizing Coulomb's force between electrode layers) 
and the mechanism for detecting Coriolis force are completely 
independent. Thus, there is no possibility that they may 
interfere with each other. 

<3. 4> Modification 

Respective lower electrode layers Fl to F4 in the 
above-described sensor are arranged on the X-axis and the 
Y-axis similarly to the previously described sensor of the 
first embodiment. On the contrary , as in the lower electrode 
layers Gl to G4 in the sensor according to the second 
embodiment shown in Fig. 29, they may be arranged in the 
first to fourth quadrants with respect to the XY plane . 
Further, the four piezo resistance elements Rzl to Rz4 may 
be arranged in any axial direction/ e.g./ may be arranged 
along the axis in parallel to the X-axis or Y-axis. 

§ 4 FOURTH EMBODIMENT 

<4. 1> Structure Of Sensor According To The Fourth Embodiment 

A multi-axial angular velocity sensor according to 

the fourth embodiment of this invention will now be described. 

The fourth embodiment is directed to a sensor using 

piezoelectric elements for both the oscillating mechanism 

and the detecting mechanism. 

Fig. 42 is a side cross sectional view of the 
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multi-axial angular velocity sensor according to the fourth 
embodiment. This sensor has a structure very similar to the 
sensor according to the first embodiment shown in Fig. 6, 
and comprises respective components as described below. 
Namely/ fundamentally , this sensor is of a structure such 
that f between a disk-shaped flexible substrate 410 and a 
disk-shaped fixed substrate 420/ a piezoelectric element 
430 similarly disk-shaped is inserted. On the lower surface 
of the flexible substrate 410, a columnar oscillator 440 is 
fixed. Further, the outer circumferential portion of the 
flexible substrate 410 and the outer circumferential portion 
of the fixed substrate 420 are both supported by a sensor 
casing 450. On the upper surface of the piezoelectric 
element 430, five upper electrode layers El to E5 (only a 

* * 

portion thereof is indicated in Fig. 42) are formed. 
Similarly, on the lower surface thereof, five lower electrode 
layers Fl to F5 (only a portion thereof is similarly 
indicated) are formed. The upper surfaces of the upper 
electrode layers El to E5 are fixed on the lower surface of 
the fixed substrate 420, and the lower surfaces of the 
lower electrode layers Fl to F5 are fixed on the upper 
surface of the flexible substrate 410. In this example, the 
fixed substrate 420 has a sufficient rigidity to such a 
degree that no bending takes place. On the other hand, the 
flexible substrate 410 has flexibility and functions as so 

* 

called diaphragm. Let now consider an XYZ three-dimensional 
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coordinate system using gravity position O of the oscillator 
440 as the origin. Namely, an X-axis is defined in a right 
direction in the figure, as a Z-axis is defined in an upper 

* 

direction, and a Y-axis is defined in a direction perpendicular 
to the plane surface of paper. Fig. 42 is a cross sectional 
view cut along the XZ plane of this sensor. It is to be 
noted that shape and arrangement of the upper electrode 
layers El to E5 and the lower electrode layers Fl to F5 are 
exactly the same as those of the sensor of the first 
embodiment shown in Fig. 6 (see Figs. 7 and 8). Further, in 
this embodiment/ the flexible substrate 410 and the fixed 
substrate 420 are both constituted by insulating material. 
In the case of attempting to constitute these substrates 
with conductive material such as metal, etc., it is sufficient 
to provide insulating films between these substrates and 
respective electrode layers so that the respective electrode 
layers are not short-circuited with each other. 

Generally, a piezoelectric element has the first 
property that when pressure is applied thereto from the 
external, a voltage is produced in a predetermined direction 
within the piezoelectric element and the second property 
that when voltage is applied thereto from the external, 
pressure is produced in a predetermined direction within 
the piezoelectric element in a manner opposite to the 
above. These .two properties have the reverse of each other. 
The relationships between directions in which pressure/voltage 
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is applied and directions in which voltage/pressure is 
produced are inherent in individual piezoelectric elements. 
Here, the property of such directivity is called "polarization 

* 

characteristic" ♦ The piezoelectric element 430 used in the 
sensor of this embodiment has a polarization characteristic 
as shown in Figs. 43(a) and 43(b), Namely, when considered 
from the view-point of the previously described first 
property, the piezoelectric element has a polarization 
characteristic such that in the case where a force to 
expand in a thickness direction is applied as shown in Fig* 
43(a), positive charges and negative charges are respectively 
produced on the upper electrode layer E side and on the 
lower electrode layer F side, while in th^ case where a 
force to contract in the thickness direction is applied as 
shown in Fig. 43(b), negative charges and positive charges 
are respectively produced on the upper electrode layer E 
side and on the lower electrode layer F side. When considered 
from a view-point of the second property in a manner 
opposite to the above, the piezoelectric element has a 
polarization characteristic such that when positive charges 
and negative charges are respectively delivered to the 
upper electrode layer E side and the lower electrode layer 
F side as shown in Fig. 43(a), a force to expand in the 
thickness direction is produced, while when negative charges 
and positive, charges are respectively delivered to the 
upper electrode layer E side and the lower electrode layer 
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F side, a force to contract in the thickness direction is 
produced as shown in Fig, 43(b), 

<4. 2> Mechanism For Oscillating Oscillator 

Let now study what phenomenon takes place in the 

case where charges having a predetermined polarity are 

. delivered to a predetermined electrode layer of this sensor. 

When negative charges and positive, charges are respectively 

delivered to the electrode layer El and Fl, a force to 

contract in a thickness direction is produced at a portion 

of the piezoe.lectric element 430 put between both the 

electrode layers by the property shown in Fig. 43(b). On 

the other hand, when positive charges and negative charges 

are respectively delivered to the electrode layers E2, F2, 

a force to expand in a thickness direction is produced at a 

portion of the piezoelectric element 430 put between both 

the electrode layers by the property shown in Fig. 43(a). 

As a result, the piezoelectric element 430 is deformed as 

shown in Fig. 44 and the oscillator 440 is caused to 

undergo displacement in the positive direction of the 

« 

X-axis. Now, when the polarity of charges which have been 
delivered to the electrode layers El, Fl, E2, F2 is 
inverted, the expanding /contracting state of the piezoelectric 
element 430 is also inverted. Thus, the oscillator 440 is 
caused to undergo displacement in the negative direction of 
the X-axis. When an approach is employed to interchangeably 
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invert the polarity of charges delivered so that these two 
displacement states take place one after another, it is 
possible to reciprocate the oscillator 440 in the X-axis 
direction. In other words, the oscillator 440 is permitted 
to undergo oscillation Ux with respect to the X-axis 
direction. 

Such charge supply can be realized by applying an 
a.c. signal across opposite electrode layers. Namely, a 
first a.c. signal is applied across the electrode layers 
El, Fl, and a second a.c. signal is applied across the 
electrode layers E2, F2. If signals having the same frequency 
and phases opposite to each other are used as the first and 
* second a.c. signals, the oscillator 440 can be oscillated 
in the X-axis direction. 

A method of allowing the oscillator 440 to undergo 
oscillation Uy with respect to the Y-axis direction is also 
exactly the same. Namely, it is sufficient to apply a first 
a.c. signal across the electrode layers E3, F3, and to 
apply a second a.c. signal across the electrode layers E4, 

F4. 

Let now consider a method of allowing the oscillator 
440 to undergo oscillation Uz with respect to: the Z-axis 
direction. Assuming now that negative charges and positive 
charges are respectively delivered to the electrode layers 
E5, F5, a force to contract in a thickness direction is 
produced at a portion of the piezoelectric element 430 put 
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between both the electrode layers. As a result, the 
piezoelectric element 430 is deformed as shown in Fig. 45 
and the oscillator 440 is caused to undergo displacement in 
the positive direction of the Z-axis. When the polarity of 
charges which have been delivered to the electrode layers 
E5, F5 is inverted/ the expanding/contracting state of the 
piezoelectric element 430 is also inverted. Thus, the 
oscillator 440 is caused to undergo displacement in the 
negative direction of the Z-axis. If the polarity of 
charges delivered is reciprocally inverted so that these 
two displacement states take place one after another, the 
oscillator 440 can be reciprocated in the Z-axis direction. 
In other words, the oscillator is permitted to undergo 
oscillation Uz with respect to the Z-axis direction . Such 
charge supply can be realized by applying an a.c. signal 
across the opposite electrode layers E5/ F5. 

As stated above, if a predetermined a.c, signal is 
delivered to a specific set of electrode layers, it is 
possible to oscillate the oscillator 430 along the X-axis, 
the Y-axis and the Z- axis. 

<4. 3> Mechanism For Detecting Coriolis Force :. 

Subsequently, a method of detecting Coriolis force 
components exerted in respective axial directions in the 
sensor according to the fourth embodiment will be described. 
It is to be noted that, for the purpose of saving paper, 
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Figs. 44 and 45 which were used for explanation of the 
previously described method of oscillating the oscillator 
are used also in the explanation of the method of detecting 
Coriolis force. 

First, let consider the case where Coriolis force 
Fx in the X-axis direction is applied to the oscillator 440 
as shown in Fig, 44 (In accordance with the principle shown 
in Fig. 5, since measurement of such Coriolis force Fx is 
carried out in the state caused to undergo oscillation Uy 
in the Y-axis direction, the oscillator 440 is assumed to 
be oscillated in a direction perpendicular to plane surface 
of paper in Fig. 44, but such oscillating phenomenon in the 
Y-axis direction has no influence on measurement of Coriolis 
force Fx in the X-axis direction) . By action of such 
Coriolis force Fx, bending is produced in the flexible 
substrate 410 performing the function of diaphragm, so a 
force to contract in thickness direction is exerted at the 
right half of the piezoelectric element 430, and a force to 
expand in thickness direction is exerted at the left half. 
Also in the case where Coriolis force Fy in the Y-axis 
direction is exerted, the direction of the axis is only 
shifted by 90 degrees, but a phenomenon similar to the 
above is to take place. In addition, in the case where 
Coriolis force in the Z-axis direction is exerted, the 
piezoelectric element 430 undergoes a force to contract in 
thickness direction as a whole as shown in Fig. 45. 

89 



When a pressure as described above is applied to 
the piezoelectric element 430, charges of a predetermined 
polarity are produced at respective electrode .layers by the 
property shown in Figs. 43(a) and 43(b), Accordingly, if 
charges thus produced are detected, a Coriolis force applied 
can be detected. In more practical sense, wirings as shown 
in Figs. 46 to 48 are implemented to respective electrode 
layers, thereby making it possible to detect applied Coriolis 
force components Fx, Fy, Fz. For example, Coriolis force 
component Fx in the X-axis direction can be detected as 
voltage difference Vx produced between terminals Txl and 
Tx2 as shown in Fig. 46. It is possible to easily understand 
the reason when consideration is made in connection with 
the polarity of charges produced at respective electrode 
layers. Namely, with respect to the electrode layers E2, 
F2, since a portion of the piezoelectric element 430 put 
therebetween is subject to a force to expand in a thickness 
direction, positive charges and negative charges are 
respectively produced at the upper electrode layer E2 and 
the lower electrode layer F2 as shown in Fig. 43(a) . On the 
other hand, with respect to the electrode layers El, Fl, 
since a portion of the piezoelectric element 430 put 
therebetween is subject to a force to contract in thickness 
direction, negative charges and positive charges are 
respectively produced at the upper electrode layer El and 
the lower electrode layer Fl as shown in Fig. 43(b)- 

90 



f 



Accordingly/ when a wiring as shown in Fig. 4 6 is implemented, 
positive charges are all gathered at terminal Txl and 
negative charges are all gathered at terminal Tx2. Thus, a 

9 

potential difference Vx across both terminals indicates 
5 Coriolis force Fx. Entirely in the same manner , when a 
wiring as shown in Fig. 47 is implemented to the upper 
. electrode layers E3, E4 and the lower electrode layers F3, 
F4, it is possible to detect Coriolis force Fy in the 
Y-axis direction as a potential difference Vy across terminals 
10 Tyl and Ty2 . In addition, it is possible to detect a 
Coriolis force Fz in the Z-axis direction as a potential 
difference Vz produced across terminals Tzl and Tz2 as 
shown in Fig. 48. The reason can be easily understood when 
consideration is made in connection with polarity of charges 
15 produced at respective electrode layers by bending as shown 
in Fig. 45. Namely, with respect to the electrode layers 
E5, F5, since a portion of the piezoelectric element 430 
put therebetween is subject to a force to contract in 
thickness direction, negative charges and positive charges 
20 are respectively produced at the upper electrode layer E5 
and the lower electrode layer F5 as shown in Fig. 43(b). 
Accordingly, when such a wiring to gather positive charges 
at terminal Tzl and to gather negative charges at terminal 
Tz2 is implemented as shown in Fig. 48, a potential 
25 difference Vz across both terminals indicates Coriolis 
force Fz in the Z-axis direction. 
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<4. 4> Detection Of Angular Velocity 

The object of the multi-axial angular velocity 
sensor according to this invention resides in that as 

* 

explained in §0/ in order to detect an angular velocity co 
about a first axis, an oscillator is allowed to undergo 
oscillation U in a second axis direction to detect a 
Coriolis force F produced in a third axis direction at that 
time. As described above, in the sensor according to the 
fourth embodiment/ an a.c. signal is applied across a 
predetermined pair of electrode layers, thereby making it 
possible to oscillate the oscillator 430 along any axial 
direction of the X-axis, the Y-axis and the Z-axis, and to 
respectively detect Coriolis force components Fx, Fy, Fz in 
respective axes directions produced at that time as potential 
differences Vx, Vy, Vz. Accordingly, by the principle shown 
in Figs. 3 to 5, it is possible to detect an angular 
velocity a> about any axis of the X-axis, the Y-axis and 
the Z-axis. 

It should be noted that, in the sensor according 
to this embodiment, a piezoelectric element is used for 
both the oscillating mechanism and the detecting mechanism. 
In other words, the same electrode layer may perform the 
role for delivering charges for producing oscillation (the 
role as the oscillating mechanism) , or may perform the role 
for detecting charges produced by Coriolis force (role as 
the detecting mechanism) . With the same electrode layer, it 
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is relatively difficult to permit these two roles to be 
performed at the same time. However, in this sensor, since 
sharing of roles as described below is made with respect to 
respective electrode layers, there is no possibility that 
two roles may be given to the same electrode layer at the 
same time. 

Let first consider the operation for detecting 
angular velocity co about the X-axis on the basis of the 
principle shown in Fig. 3. In this case, it is necessary to 
detect a Coriolis force Fy produced in the Y-axis direction 
when an oscillator is caused to undergo oscillation Uz in 
the Z-axis direction. In the sensor shown in Fig. 42, in 
order to allow the oscillator 430 to undergo oscillation 
Uz, it is sufficient to apply an a.c. signal across the 
electrode layers E5, F5 . Further, in order to detect 
Coriolis force Fy exerted on the oscillator 430/ it is 
sufficient to detect charges produced at the electrode 
layers E3, F3, E4, F4 as shown in the circuit diagram of 
Fig. 47. The remaining electrode layers El, Fl, E2,.F2 are 
not used in this detecting operation. 

Subsequently, let consider the operation for 
detecting angular velocity coy about the Y-axis on the 
basis of the principle shown in Fig. 4. In this case, it is 
necessary to detect a Coriolis force Fz produced in the 
Z-axis direction when an oscillator is caused to undergo 
oscillation Ux in the X-axis direction. In the sensor shown 
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in Fig, 42, in order to allow the oscillator 430 to undergo 
oscillation Ux, it is sufficient to apply a.c. signals 
having phases opposite to each other across the electrode 
layers El, Fl and across the electrode layers E2, F2 . 
Further, in order to detect Coriolis force Fz exerted on 
the oscillator 430, it is sufficient to detect charges 
produced at the electrode layers E5, F5 as shown in the 
circuit diagram of Fig- 48. The remaining electrode layers 
E3, F3, E4, F4 are not used in this detecting operation. 

Finally, let consider the operation for detecting 
an angular velocity coz about the Z-axis on the basis of 
the principle shown in Fig. 5. In this case, it is 
necessary to detect Coriolis Fx produced in the X-axis 
direction when an oscillator is caused to undergo oscillation 
Uy in the Y-axis direction. In the sensor shown in Fig. 42, 
in order to allow the oscillator 430 to undergo oscillation 
Uy, it is sufficient to apply a.c. signals having phases 
opposite to each other across the electrode layers E3, F3 
and across the electrode layers E4, F4 . Further, in order 
to detect Coriolis force Fx exerted on the oscillator 430, 
it is sufficient to detect charges produced at the electrode 
layers El, Fl, E2, F2 as shown in the circuit, diagram of 
Fig. 46. The remaining electrode layers E5, F5 are not used 
in this detecting operation. 

It is seen that in the case of detecting any one 
of angular velocities cox, coy/ <oz by using this sensor as 
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stated above, sharing of roles with respect to respective 
electrode layers is conveniently carried out so that detection 
can be carried out without hindrance. It should be noted 
that since it is unable to detect plural ones of angular 
velocities cox, coy, coz, in the case where an attempt is 

« 

made to detect three angular velocity components, it is 
required to carry out time-division processing as described 
later to sequentially carry out detections one by one, 

<4. 5> Modification 1 

In accordance with the above-described sensor 
according to the fourth embodiment, it is possible to 
detect Coriolis force components Fx, Fy, Fz in the XYZ 
three-dimensional coordinate system as potential differences 
Vx, Vy, Vz, respectively. Thus, detection of angular velocity 
can be made on the basis of these potential differences. 
However, in order to detect these potential differences, it 
is necessary to implement wirings as shown in the eircuit 
diagrams of Figs. 46 to 48 to respective electrode layers. 
Such wirings are such that upper electrode layers and lower 
electrode layers are mixed. Accordingly, in the case of 
* mass-producing such sensors, the cost for wiring is not 
negligible as compared to the total cost of product. In 
this modification 1, the polarization characteristic of a 
piezoelectric • element is partially varied, thereby simplifying 
wiring to reduce the manufacturing cost. 
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Generally, it is possible to manufacture * 
piezoelectric elements having an arbitrary polarization 
characteristic by the present technology. For example, the 
piezoelectric element 430 used in the above-described sensor 
according to the fourth embodiment had a polarization 

■ 

characteristic as shown in Figs. 43(a) and 43(b). On the 
other hand, it is also possible to manufacture a piezoelectric 
element 4 60 having a polarization characteristic as shown 
in Figs. 49(a) and 49(b). Namely, this piezoelectric element 
460 has a polarization characteristic such that in the case 
where a force to expand in thickness direction is applied 
as shown in Fig. 49(a), negative charges and positive 
charges are respectively produced on the upper electrode 
layer E side and on the lower electrode layer F side, while 
when a force to contract in thickness direction is applied 
as shown in Fig. 49(b), positive charges and negative 
charges are respectively produced on the upper electrode 
layer E side and on the lower electrode layer F side. It is 
now assumed that, for convenience, polarization characteristic 
as shown in Figs. 43(a) and 43(b) is called type I and 
polarization characteristic as shown in Figs. 49(a) and 
49(b) is called type II. The piezoelectric element 430 
having polarization characteristic of the type I and the 
piezoelectric element 460 having polarization characteristic 
of the type II are such that signs of charges produced on 
the upper surface side and on the lower surface side are 
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inverted. It should be noted that since upsetting of the 
piezoelectric element 430 results in the piezoelectric 
element 460/ it can be said that both the piezoelectric 
elements are exactly the same piezoelectric element when 
viewed as a single body. Therefore, it is not so significant 
to discriminate between both the piezoelectric elements. 
However, there may be employed a configuration such that a 
portion of one piezoelectric element is caused to have 
polarization characteristic of the type I and another 
portion thereof is caused to have polarization characteristic 
of the type II. The modification described below is 
characterized in that a piezoelectric element to which such 
a localized polarization processing is implemented is used 
to thereby simplify the structure of a multi-axial angular 
velocity sensor. 

Let now consider a piezoelectric element 470 as 
shown in Fig. 50. This piezoelectric element 470 is a 
disk-shaped element which is exactly the same in shape as 
the piezoelectric element 430 used in the above-described 
sensor of Fig. 42, but its polarization characteristic is 
different from that of the piezoelectric element 430. The 
piezoelectric element 430 was an element in. which all 
portions have polarization characteristic of the type I as 
previously described. On the contrary, the piezoelectric 
element 470 has a polarization characteristic of either the 
type I or the type II in five regions Al to A5 as shown in 
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Fig. 50. Namely, this piezoelectric element indicates 
polarization characteristic of the type I in regions A2, A4 
and indicates polarization characteristic of -the type II i n 
regions Al, A3, A5 . In this example, regions Al to A5 
correspond to regions where the upper electrode layers El 
to E5 or the lower electrode layers Fl to F5 are respectively 
formed . 

Let now consider what polarities of charges produced 
on respective electrode layers in the case where the 
piezoelectric element 470 having localized polarization 
characteristic as shown in Fig. 50 is used in place of the 
piezoelectric element 430. It is thus understood that 
polarities of charges produced at the upper electrode 
layers El, E3, E5 and the lower electrode layers Fl, F3, F5 
provided in the region having polarization characteristic 
of the type II is inverted with respect to the sensor using 
the piezoelectric element 430. For this reason, when wirings 
as shown in Figs. 51 to 53 are implemented to the respective 
electrode layers, it is possible to determine Coriolis 
force components Fx, Fy, Fz as potential differences Vx, 
Vy, Vz, respectively. For example, with respect to Coriolis 
force Fx in the X-axis direction, since polarities of 
charges produced at the electrode layers El, Fl are inverted 
with respect to the previously described example, the 
wiring shown in Fig. 46 is replaced by the wiring shown in 
Fig. 51. Similarly, with respect to Coriolis force Fy in 
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the Y-axis direction, since polarities of charges produced 
at the electrode layers E3, F3 are inverted, the wiring 
shown in Fig. 47 is replaced by the wiring- shown in Fig. 
52. Further, with respect to Coriolis force Fz in the 
Z-axis direction, since polarities of charges produced at 
the electrode layers E5, F5 are inverted, the wiring shown 
in Fig. 48 is replaced by the wiring shown in Fig, 53. 

It is to be noted that in the case where the 
piezoelectric element 470 having localized polarization 
characteristic is used, the polarity of an a.c. -signal 
applied for oscillating the oscillator 430 must be varied 
as occasion demands. Namely, it is understood that in the 
case where the piezoelectric element 470 having a localized 
polarization characteristic is used, when a.c. signals 
having the same phase are applied across the electrode 
layers El, Fl formed in the region Al and the electrode 
layers E2, F2 formed in the region A2, it is possible to 
oscillate the oscillator 430 in the X-axis direction, and 
when a.c. signals having the same phase are similarly 
applied across the electrode layers E3, F3 formed in the 
region A3 and the electrode layers E4, F4 formed in the 
region A4, it is possible to oscillate the oscillator 430 
in the Y-axis direction. 

The wirings shown in Figs. 51 to 53 have significant 
merits in manufacturing actual sensors as compared to the 
wirings shown in Figs. 4 6 to 48. The feature of the wirings 
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shown in Figs. 51 to 53 resides in that even in the case 
where a Coriolis force in any direction of the X-axis, the 
Y-axis and the Z-axis is applied, if Coriolis .force is 
applied in the positive direction of each axis, positive 
charges and negative charges are necessarily produced on 
the upper electrode layer side and on the lower electrode 
layer side. By making use of this feature, the wiring of 
the entirety of sensor can be simplified. For example, let 
consider the case where terminals Tx2, Ty2, Tz2 in Figs. 51 
to 53 are connected to the sensor casing 450 to allow those 
terminals to have a reference potential (earth) . In this 
case, the five lower electrode layers Fl to F5 are brought 
into the state where they are conductive with each other. 
Even if such an approach is employed, potential difference 
Vx indicating Coriolis force Fx in the X-axis direction is 
obtained as a voltage with respect to the earth of terminal 
Txl, potential difference Vy indicating Coriolis force Fy 
in the Y-axis direction is obtained as a voltage with 
respect to the earth of terminal Tyl, and potential difference 
Vz indicating Coriolis force Fz in the Z-axis direction is 
obtained as a voltage with respect to the earth of terminal 
Tzl. Accordingly, this sensor operates without any hindrance. 
In addition, since wirings with respect to the five lower 
electrode layers Fl to F5 are caused to conduct with each 
other, wiring* can become very simple. 



100 



<4. 6> Modification 2 

In the case where the piezoelectric element 470 
having localized polarization characteristic, as described 
in the above -de scribed modification 1, it is possible to 
provide wiring which allows the five lower electrode layers 
Fl to F5 to be conductive. If the lower electrode layers Fl 
to F5 are permitted to be conductive in this way, there is 
no necessity of intentionally allowing these five electrode 
layers to be independent electrode layers, respectively. 
Namely, as shown in the side cross sectional view of Fig. 
54 , it is sufficient to provide only one common lower 
electrode layer F0 . The common lower electrode layer F0 is 
a single disk-shaped electrode layer, and serves as an 
electrode opposite to all of five upper electrode layers El 
to E5. 



<4. 7> Modification 3 

In order to further simplify the structure of the 
above-described second embodiment, it is sufficient to use 
a flexible substrate 480 comprised of a conductive material 
(e.g., metal) in place of flexible substrate 410. If such a 
substrate is employed, it is possible to realize the 
structure in which the lower surface of the piezoelectric 
element 470 is directly connected to the upper surface of 
the flexible substrate 4 80, without using special lower 
electrode layer F0 as shown in the side cross sectional 
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view of Fig. 55. In this case, the flexible substrate 480 
itself functions as common lower electrode layer F0 . 

Further, while the lower electrode layer side is 
caused to be a common single electrode layer in the 
above-described modifications 2, 3, the upper electrode 
layer side may be a common single electrode layer in a 
manner opposite to the above. 

<4. 8> Other modifications 

While the above-described sensors all use physically 
single piezoelectric element 430 or 470, they may be 
comprised of physically plural piezoelectric elements. For 
example/ in Fig. 50, there may be employed a configuration 
in which respective regions Al to A5 are constituted 
individual piezoelectric elements, and five piezoelectric 
elements in total are used. As stated above, how many 
piezoelectric elements are used from a physical point of 
view is the manner which can be suitably changed in design. 

Further, while the outer peripheral portions of 
flexible substrates 410, 480 are supported by sensor casing 
450 in the above-described sensor, it is not necessarily 
required to fix a flexible substrate to a sensor casing. 

* 

For example, there may be employed, as shown in Fig. 56, a 
configuration in which a flexible substrate 4 90 having a 
slightly smaller diameter is used in place of flexible 
substrate 480 and the periphery of flexible substrate 4 90 
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is allowed to be the end of freedom. 
§ 5 FIFTH EMBODIMENT 

<5. 1> Structure Of Sensor According To Fifth Embodiment 

A multi-axial angular velocity sensor according 
to the fifth embodiment of this invention will now be 
described. The fifth embodiment is also directed to a 
sensor using a piezoelectric element for both the oscillating 
mechanism and the detecting mechanism similarly to the 
previously described fourth embodiment. 

Fig^ 57 is a top view of the multi-axial angular 
velocity sensor according to the fifth embodiment. Flexible 
substrate 510 is a disk-shaped substrate having flexibility 
which functions as so called diaphragm w On the flexible 
substrate 510/ so called a doughnut disk-shaped piezoelectric 
element 520 is disposed. On the upper surface of the 
piezoelectric element 520, sixteen upper electrode layers 
LI to LI 6 in forms as shown in the figure are formed at 
positions shown, respectively. Further, on the lower surface 
of the piezoelectric element 520, sixteen lower electrode 
layers Ml to M16 (although not shown in Fig. 57) having 
exactly the same shapes as those of the upper electrode 
layers LI to L16 are formed at positions respectively 
opposite to the upper electrode layers LI to LI 6. Fig.- 58 
is a side cross sectional view of this sensor (For the 
purpose of avoiding complexity of the figure, only cross 
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sectional portions are illustrated with respect to respective 
electrode layers. This similarly applies to. side cross 
sectional views mentioned below) . As clearly shown in this 
figure, the doughnut disk shaped piezoelectric element 520 
is in so called a sandwich state where it is put between 
sixteen upper electrode layers LI to LI 6 (only LI to L4 are 
. shown in Fig, 58) and sixteen lower electrode layers Ml to 
M16 (only Ml to M4 are shown in Fig. 58) . The lower 
surfaces of the lower electrode layers Ml to M16 are fixed 
on the upper surface of the flexible substrate 510. On the 
other hand, an oscillator 550 is fixed on the lower surface 
of the flexible substrate 510, and the peripheral portion 
of the flexible substrate 510 is. fixedly supported by 
sensor casing 560. In this embodiment, the flexible substrate 
510 is constituted by an insulating material. In the case 
where flexible substrate 510 is constituted with a conductive 
material such as metal, an insulating film is formed on the 
upper surface thereof, thereby preventing sixteen lower 
electrode layers Ml to Ml 6 from being short-circuited. 

Here, for convenience of explanation, let consider 
an XYZ three-dimensional coordinate system in which the 
central position of the flexible substrate 510 . is allowed 
to be origin. Namely, in Fig. 57, an X-axis is defined in a 
right direction, a Y-axis is defined in a lower direction, 
and a Z-axis is defined in a direction perpendicular to the 
plane surface of paper. Fig- 58 is a cross sectional view 
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cut along the XZ plane of this sensor, and flexible 
substrate 510/ piezoelectric element 520, respective electrode 
layers LI to LI 6, Ml to Ml 6 are all arranged in parallel to 
the XY plane (In the fifth embodiment, for convenience of 
explanation, the lower direction in the side cross sectional 
view is taken as the positive direction of the Z-axis) . 
Further, as shown in Fig. 57, on the XY plane, a Wl-axis 
and a W2-axis are defined in directions to form an angle of 
45 degrees relative to the X-axis or the Y-axis, These 
Wl-axis and W2-axis are both passed through the origin O. 
When such a coordinate system is defined, upper electrode 
layers LI to L4 and lower electrode layers Ml to M4 are 
arranged in order from the negative direction toward the 
positive direction of the X-axis, upper electrode layers L5 
to L8 and lower electrode layers M5 to M8 are arranged in 
order from the negative direction toward the positive 
direction of the Y-axis, upper electrode layers L9 to L12 
and lower electrode layers M9 to M12 are arranged in order 
from the negative direction toward the positive direction 
of the Wl-axis, and upper electrode layers L13 to L16 and 
lower electrode layers M13 to M16 are arranged in order 
from the negative direction toward the positive direction 

of the W2-axis. 

As previously described, there is the property 
that when electrode layers are respectively formed on the 
upper and lower surfaces of a piezoelectric element to 
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apply a predetermined voltage across such a pair of electrode 
layers , a predetermined pressure is produced within the 
piezoelectric element, while when a predetermined force is 
applied to the piezoelectric element, a predetermined voltage 
is produced across the pair of electrode layers. In view of 
this, it is now assumed that sixteen sets of localized 
elements Dl to D16 are provided by the above-described 
sixteen upper electrode layers LI to L16, the above-described 
sixteen lower electrode layers Ml to M16, and sixteen 
portions of the piezoelectric element 520 put between those 
electrode layers. For example, a localized element Dl is 
provided by upper electrode layer LI, lower electrode layer 
Ml, and a portion of piezoelectric element 520 put 
therebetween. Eventually/ sixteen sets of localized elements 
Dl to D16 are arranged as shown in the top view of Fig* 59. 

In this example, as piezoelectric element 520 in 
this sensor, a piezoelectric ceramics having a polarization 
characteristic as shown in Figs. 60(a) and 60(b) is used. 
Namely, this piezoelectric ceramics has a polarization 
characteristic such that in the case where a force to 
expand along the XY-plane is applied as shown in Fig. 
60(a), positive charges and negative charges are respectively 
produced on the upper electrode layer L side and on the 
lower electrode layer M side, while in the case where a 
force to contract along the XY-plane is applied as shown in 
Fig. 60(b), negative charges and positive charges are 
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respectively produced on the upper electrode layer L side 
and the lower electrode layer M side. Here, such a -polarization 
characteristic is called type III. Sixteen sets, of localized 

* 

elements Dl to D16 in this sensor all have a piezoelectric 
element having the polarization characteristic of the type 
III. 

<5. 2> Mechanism For Oscillating Oscillator 

Subsequently, let study what phenomenon takes place 
in the case where charges having a predetermined polarity 
are delivered to a predetermined pair of electrode layers 
of this sensor. Let now consider the case where charges of 
polarities as shown in Fig. 61 are delivered to respective 
electrode layers constituting four localized elements Dl to 
D4 arranged on the X-axis. Namely, positive charges and 
negative charges are delivered to electrode layers LI, M2, 
L3, M4 and electrode layers Ml, L2, M3, L4, respectively. 
Thus, localized elements Dl and D3 expand along the XY-plane 
by the property shown in Fig. 60(a). On the contrary/ 
localized elements D2 and D4 contract along the XY-plane by 
the property shown in Fig. 60(b). As a result, the flexible 
substrate 510 is deformed as shown in Fig. 61, and the 
oscillator 550 is caused to undergo displacement in the 
positive direction of the X-axis. Now, when polarities of 
charges which have been delivered to respective electrode 
layers are inverted, the expanding/contracting state of the 
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piezoelectric element is also inverted. Thus, the oscillator 
550 is caused to undergo displacement in the negative 
direction of the X-axis. If the polarities of charges 
delivered are reciprocally inverted so that such two 
displacement states take place one after another, it is 
possible to reciprocate the oscillator 550 in the X-axis 
direction. In other words, the oscillator 550 is permitted 
to undergo oscillation Ux with respect to the X-axis 
direction. 

Such supply of charges can be realized by applying 
an a.c. signal across opposite electrode layers. Namely, a 
first a.c. signal is applied across electrode layers LI, Ml 
and across electrode layers L3, M3, and a second a.c. 
signal is applied across electrode layers L2, M2 and across 
electrode layers L4, M4 . If signals having the same frequency 
and phases opposite to each other are used as the first and 
second a.c. signals/ it is possible to oscillate the 
oscillator 550 in the X-axis direction. 

A method of allowing the oscillator 550 to undergo 
oscillation Uy with respect to the Y-axis direction is 
exactly the same as above. Namely, a first a.c. signal is 
applied across electrode layers L5, M5 and across electrode 
layers L7, M7, and a second a.c. signal is applied across 
electrode layers L6, M6 and across electrode layers L8, M8 . 
If signals having the same frequency and phases opposite to 
each other are used as the first and second a.c. signals, 
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it is possible to oscillate the oscillator 550 in the 
Y-axis direction. 

Consideration will be described in connection with 
a method of allowing the oscillator 550 to undergo oscillation 
Uz with respect to the Z-axis direction. Let now consider 
the case where charges of polarities as shown in Fig. 62 
are delivered to respective electrode layers constituting 
four localized elements D9 to D12 arranged on the Wl-axis. 
Namely, positive charges and negative charges are delivered 
to electrode layers L9, M10, Mil, L12 and electrode layers 
M9, L10, Lll, M12, respectively. Thus, localized elements 
D9 and D12 expand along the XY -plane by the property shown 
in Fig. 60(a). On the contrary, localized elements D10 and 
Dll contract along the XY-plane by the property shown in 
Fig. 60(b). As a result, the flexible substrate 510 is 
deformed as shown in Fig. 62, and the oscillator 550 is 
caused to undergo displacement in the positive direction of 
the Z-axis. Now, when polarities of charges which have been 
delivered to respective electrode layers are inverted, the 
expanding/contracting state of the piezoelectric element is 
also inverted, so the oscillator 550 is caused to undergo 
displacement in the negative direction of the Z-axis. If 
polarities of charges delivered are reciprocally inverted 
so that such two displacement states take place one after 
another, it .is possible to reciprocate the oscillator 550 
in the Z-axis direction. In other words, the oscillator 550 
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can be caused to undergo oscillation Uz with respect to the 
Z-axis direction. 

Such supply of charges can be also realized by 
applying an a.c. signal across opposite electrode layers. 
Namely/ a first a.c. signal is applied across electrode 
layers L9, M9 and across electrode layers L12, M12, and a 
second a.c. signal is applied across electrode layers L10, 
M10 and across electrode layers Lll, Mil. If signals having 
the same frequency and phases opposite to each other are 
used as the first and second a.c. signals/ it is possible 
to oscillate the oscillator 550 in the Z-axis direction. 

As shown in Fig. 59/ this sensor is further 
provided with four localized elements D13 to D16 along the 
W2-axis. Although these four localized elements are not 
necessarily required, they are provided for the purpose of 
allowing oscillating operation in the Z-axis to be more 
stable and enhancing, to more degree, the detection accuracy 
of Coriolis force Fz in the Z-axis direction which will be 
described later. These four localized elements D13 to D16 
perform exactly the same functions of the above-described 
four localized elements D9 to D12. Namely, if a.c. signals 
which are the same as those delivered to localized elements 
D9 to D12 are delivered to localized elements D13 to D16, 
it is possible to carry out oscillating operation in the Z- 
axis direction by eight localized elements D9 to D16. Thus/ 
more stable oscillating operation can be conducted. 
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As stated above, if a predetermined a .c • signal is 
delivered to specific localized elements, it is possible to 
oscillate the oscillator 550 along the X-axis, the Y-axis 

r 

and the Z-axis. 



<5. 3> Mechanism For Detecting Coriolis Force 

Subsequently/ a method of detecting Coriolis force 
components exerted in respective axes directions in the 
sensor according to the fifth embodiment will now be 
described. It is to be noted that, for the purpose of 
saving paper, Figs. 61 and 62 used for explaining the 
method of oscillating the previously described oscillator 
are used in the explanation of the method of detecting this 

Coriolis force. 

First, let consider the case where Coriolis force 
Fx in the X-axis direction is applied to a center of 
gravity G of the oscillator 550 as shown in Fig. 61 (In 
accordance with the principle shown in Fig. 5, since such a 
measurement of Coriolis force Fx is carried out in the 
state where oscillation Uy in the Y-axis direction is 
given, the oscillator 550 is assumed to be oscillating in a 
direction perpendicular to the plane surface of paper in 
Fig. 61, but such oscillating phenomenon in the Y-axis 
direction does not affect measurement of Coriolis force Fx 
in the X-axis direction) . By action of such Coriolis force 
Fx, bending takes place in the flexible substrate 510 which 



performs the function of diaphragm. Thus, a deformation as 
shown in Fig. 61 takes place. As a result, localized 
elements Dl, D3 arranged along the X-axis expand in the 
X-axis direction, and localized elements D2, D4 similarly 
arranged on the X-axis contract in the X-axis direction. 
Since the piezoelectric element put between these respective 
electrode layers has a polarization characteristic as shown 
in Figs. 60(a) and 60(b), charges of polarity indicated by 
sign w +" or encompassed by small circle in Fig. 61 are 

produced in these respective electrode layers. Further, in 
the case where Coriolis force Fy in the Y-axis direction is 
applied, charges of predetermined polarities are produced 
similarly with respect to respective electrode layers 
constituting localized elements D5 to D8 arranged along the 
Y-axis . 

Let now consider the case where Coriolis force Fz 
in the Z-axis direction is applied. In this case, the 
flexible substrate 510 which performs the function of 
diaphragm is deformed as shown in Fig. 62, localized 
elements D9, D12 arranged along the Wl-axis expand in the 
Wl-axis direction, and localized elements D10, Dll arranged 
along the Wl-axis contract in the Wl-axis direction. For 
this reason, charges of polarities as indicated by sign "+" 
or encompassed by small circle in Fig. 62 are produced 

in respective electrode layers constituting localized elements 
D9 to D12. Similarly, charges of predetermined polarities 
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are produced also in respective electrode layers constituting 
localized elements D13 to D16 arranged along the W2-axis. 

By making use of such a phenomenon, wirings as 
shown in Figs. 63 to 65 are implemented to respective 
electrode layers, thereby making it possible to carry out 
detection of Coriolis force components Fx, Fy, Fz. For 
example, it is possible to detect Coriolis force Fx in the 
X-axis direction as a voltage difference Vx produced between 
terminals Txl and Tx2 as shown in Fig. 63. It is possible 
to easily understand this reason when consideration is made 
in connection with polarities of charges produced in respective 
electrode layers by bending as shown in Fig. 61. When a 
wiring as shown in Fig. 63 is implemented, positive charges 
are all gathered at terminal Txl, and negative charges are 
all gathered at terminal Tx2. Thus, a potential difference 
Vx across both terminals indicates Coriolis force Fx in the 
X-axis direction. Entirely in the same manner, when a 
wiring as shown in Fig. 64 is implemented to respective 
electrode layers constituting localized elements D5 to D8, 
it is possible to detect Coriolis force Fy in the Y-axis 
direction as a potential difference Vy across terminals Tyl 
and Ty2. Further, when a wiring as shown in Fig. 65 is 
implemented to respective electrode layers constituting 
localized elements D9 to D16, it is possible to detect 
Coriolis force Fz in the Z-axis direction as a voltage 
difference Vz produced across terminals Tzl and Tz2. It 
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should be noted that localized . elements D13 to D16 are not 
necessarily required, but even if only four localized 
elements D9 to D12 are used, detection of Coriolis force Fz 
in the Z-axis direction can be made- 

<5. 4> Detection Of Angular Velocity 

As described above, in the multi-axial angular 
velocity sensor according to the fifth embodiment, an a.c. 
signal is applied across a predetermined pair of localized 
elements, thereby making it possible to oscillate the 
oscillator 550 along any axial direction of the X-axis, the 
Y-axis, and the Z-axis, and to detect Coriolis force 
components Fx, Fy, Fz in respective axes directions produced 
at that time as potential differences Vx, Vy, Vz, respectively • 
Accordingly, by the principle shown in Figs- 3 to 5, it is 
possible to detect an angular velocity co about any axis of 
the X-axis, the Y-axis and the Z-axis • 

It is to be noted that, in the sensor according to 
the fifth embodiment, piezoelectric elements (localized 
elements) is used for both the oscillating mechanism and 
the detecting mechanism similarly to the previously described 
sensor according to the fourth embodiment- In view of this, 
let study sharing of roles of respective localized elements 
in the detecting operations of respective angular velocities . 

First, let consider the operation for detecting 
angular velocity cox about the X-axis on the basis of the 
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principle shown in Fig, 3. In this case, it is necessary to 
detect Coriolis force Fy produced in the Y-axis direction 
when an oscillator is caused to undergo oscillation Uz in 
the Z-axis. In order to allow the oscillator 550 to undergo 
oscillation Uz, it is sufficient to deliver an a.c. signal 
to localized elements D9 to D16 arranged on the Wl^axis and 
. the W2-axis. Further, in order to detect Coriolis force Fy 
applied to the oscillator 550, it is sufficient to detect 
voltages produced at localized elements D5 to D8 arranged 
on the Y-axis. The remaining localized elements Dl to D4 
are not used in this detecting operation. 

Subsequently, let consider the operation for 
detecting angular velocity coy about the Y-axis on the 
basis of the principle shown in Fig. 4. In this case, it is 
necessary to detect Coriolis force Fz produced in the 
Z-axis direction when an oscillator is caused to undergo 
oscillation Ux in the X-axis direction. In order to allow 
the oscillator 550 to undergo oscillation Ux, it is sufficient 
to deliver an a.c. signal to localized elements Dl to D4 
arranged on the X-axis. Further, in order to detect Coriolis 
force Fz applied to the oscillator 550, it is sufficient to 
detect voltages produced at localized elements D9 to D16 
arranged on the Wl-axis and the W2-axis. The remaining 
localized elements D5 to D8 are not used in this detecting 
operation. 

Finally/ let consider the operation for detecting 
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angular velocity coz about the Z-axis on the basis of the 
principle shown in Fig. 5. In this instance , it .is necessary 
to detect Coriolis force Fx produced in the X-axis direction 

* 

when an oscillator is caused to undergo oscillation Uy in 
the Y-axis direction. In order to allow the oscillator 550 
to undergo oscillation Uy, it is sufficient to deliver an 
a.c. signal to localized elements D5 to D8 arranged on the 
Y-axis. Further, in order to detect Coriolis force Fx 
applied to the oscillator 550, it is sufficient to detect 
voltages produced at localized elements Dl to D4 arranged 
on the X-axis* The remaining localized elements D9 to D16 
are not used in this detecting operation. 

As described above, it is seen that: in the case of 
detecting any one of angular velocity components cox, coy, 
CO z by using this sensor, sharing of the role with respect 
to respective localized elements is conveniently carried 
out, so detection is carried out without hindrance* It 
should be noted that since it is unable to detect plural 
ones of angular velocity components cox, coy, coz at the 
same time, in the case where an attempt is made to detect 
three angular velocity components, it is necessary to 
conduct time-division processing as described later to 
sequentially carry out detections one by one. 



<5. 5> Modification 1 

In accordance with the above-described sensor o 
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the fifth embodiment, it is possible to determine Coriolis 
force components Fx, Fy, Fz in the XYZ three-dimensional 
coordinate system as potential differences Vx, Vy, Vz, 
respectively. Further, it is possible to detect angular 
velocity components on the basis of these potential 
differences. However, in order to detect these potential 
differences, it is necessary to implement wirings as shown 
in the circuit diagrams of Figs. 63 to 65 to respective 
electrode layers. Such wirings are such that upper electrode 
layers and lower electrode layers are mixed. Therefore, in 
the case of mass-producing such sensors, the cost for 
wiring cannot be neglected as compared to the total cost of 
product. This modification 1 is characterized in that the 
polarization characteristic of the piezoelectric is partially 
varied, thereby simplifying wiring to reduce the manufacturing 
cost. 

As previously described, it is possible to manufacture 
piezoelectric elements having an arbitrary polarization 
characteristic by the present technology. For example, the 
piezoelectric element 520 used in the above-described sensor 
according to the fifth embodiment had a polarization 
characteristic of the type III as shown in Figs- 60(a) and 
60(b). On the contrary, it is also possible to manufacture 
piezoelectric element 530 having a polarization characteristic 
of the type IV as shown in Figs. 66(a) and 66(b). Namely/ 
it is possible to manufacture piezoelectric element 530 
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having a polarization characteristic such that in the case 
where a force in a direction to expand along the XY plane 
is applied as shown in Fig. 66(a), negative charges and 
positive charges are respectively produced on the upper 
electrode layer L side and on the lower electrode layer M 
side, while in the case where a force in a direction to 
contract along the XY plans is applied as shown in Fig. 
66(b)/ positive charges and negative charges are respectively 
produced on the upper electrode layer L side and on the 
lower electrode layer M side. Further, it is possible to 
allow a portion of one piezoelectric element to have 
polarization characteristic of the type III and to allow 
another portion to have polarization characteristic of the 
type IV. In the modification described below, a piezoelectric 
element to which such a localized polarization processing 
is implemented is used to thereby simplify the structure of 
the sensor. 

Let now consider piezoelectric element 540 as 
shown in Fig. 67. This piezoelectric element 540 is a 
doughnut disk shaped element which is entirely the same in 
shape as the piezoelectric element 520 used in the above- 
described sensor of Fig. 57. However, its polarization 
characteristic is different from that of the piezoelectric 
element 520. The piezoelectric element 520 was an element 
in which all .portions have polarization characteristic of 
the type III as previously described. On the contrary, the 
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piezoelectric element 540 has polarization characteristic 
of either the type III or the type IV in respective sixteen 
regions as shown in Fig. 67. Namely, this piezoelectric 
element 54 0 indicates polarization characteristic of the 
type III in the regions of localized elements Dl, D3, D5, 
D7, D9, D12, D13, D16, and indicates polarization 
characteristic of the type IV in the regions of localized 
elements D2, D4, D6, D8, D10, Dll, D14, D15 (see Figs, 59 
and 67) . 

When consideration is now made as to how polarities 
of charges produced at respective electrode layers vary in 
the case where the piezoelectric element 540 having 
polarization characteristic as shown in Fig. 67 is used in 
place of the piezoelectric element 520, it is seen that 
polarities of charges produced at upper electrode layers 
L2, L4, L6, L8, L10, Lll, L14, L15 and lower electrode 
layers M2, M4, M6, M8, M10, Mil, M14, M15 are inverted. For 
example, in the case where Coriolis force Fx in the X-axis 
direction is applied, charges of polarities as shown in 
Fig. 61 are produced in the previously described sensor of 
Fig. 57, whereas charges of polarities as shown in Fig- 68 
are produced in the sensor of this modification. Further, 
in the case where Coriolis force Fz in the Z-axis direction 
is applied, charges of polarities as shown in Fig. 62 are 
produced in .the previously described sensor of Fig. 57, 
whereas charges of polarities as shown in Fig. 69 are 
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produced in the sensor of this modification. For this 
reason, when wirings as shown in Figs. 70 to 72 are 
implemented to respective electrode layers, it is possible 
to determine Coriolis force components Fx, Fy, Fz as 
potential differences Vx, Vy, Vz, respectively. 

For example, with respect to the operation for 
detecting Coriolis force Fx in the X-axis direction, since 
polarities of charges produced at electrode layers L2, M2 
and L4, M4 are inverted, the wiring shown in Fig. 63 is 
replaced by the wiring shown in Fig. 70. Similarly, with 
respect to the operation for detecting Coriolis force Fy in 
the Y-axis direction, since polarities of charges produced 
at electrode layers L6, M6 and L8, M8 are inverted, the 
wiring shown in Fig. 64 is replaced by the wiring shown in 
Fig. 71. In addition, with respect to the operation for 
detecting Coriolis force Fz in the Z-axis direction, since 
polarities of charges of electrode layers L10, M10, Lll, 
Mil, L14,. M14, and L15, M15 are inverted, the wiring shown 
in Fig. 65 is replaced by the wiring shown in Fig. 72. 

It is to be noted that in the case where the 
piezoelectric element 540 having localized polarization 
characteristic is used, an a.c. signal applied in order to 
oscillate the oscillator 550 is simplified. Namely, in 
order to oscillate the oscillator 550 in the X-axis direction, 
it is sufficient to deliver a.c. signals in phase to all 
the localized elements Dl to D4 as shown in Fig. 68. 
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Similarly, in the case of oscillating the oscillator 550 in 
the Y-axis direction, it is sufficient to deliver a.c. 
signals in phase to all the localized elements D5 to D8 . In 
addition, in the case of oscillating the oscillator 550 in 
the Z-axis direction, it is sufficient to deliver a.c. 
signals in phase to all the localized elements D9 to D16. 

The wirings shown in Figs. 70 to 72 have significant 
merits in manufacturing actual sensors as compared to the 
wirings shown in Figs-* 63 to 65. The feature of the wirings 
shown in Figs. 70 to 72 resides in that even in the case 
where a Coriolis force is applied in any direction of the 
X-axis, the Y-axis and the Z-axis, if Coriolis force is 
applied in the positive direction of each axis, positive 
charges and negative charges are necessarily produced cm 
the upper electrode layer side and on the lower electrode 
layer side, respectively. By making use of this feature, it 
is possible to simplify wiring of the entirety of the 
sensor* Let consider the case where, e.g., terminals Tx2, 
Ty2, Tz2 in Figs. 70 to 72 are connected to sensor casing 
560 to take a potential thereon as a reference potential 
(earth) . In this case, sixteen lower electrode layers Ml to 
Ml 6 are in the state where they are conductive with each 
other. Even if such an approach is employed, a potential 
difference Vx indicating Coriolis force Fx in the X-axis 
direction is. obtained as a voltage with respect to the 
earth of terminal Txl, a potential difference Vy indicating 
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Coriolis force Fy in the Y-axis direction is obtained as a 
voltage with respect to the earth of terminal Tyi, and a 
potential difference Vz indicating Coriolis force Fz in the 
Z-axis direction is obtained as a voltage with respect to 
the earth of terminal Tzl . Accordingly, this sensor operates 
without any hindrance. In addition, since wiring with 
respect to sixteen lower electrode layers Ml to M16 is 
carried out by allowing them to be conductive with each 
other, the wiring can be very simple* 

<5. 6> Modification 2 

In the case where piezoelectric element 540 having 
localized polarization characteristic is used as in the 
above-described modification 1, it is possible to provide 
wiring which allows sixteen lower electrode layers Ml to 
M16 to be conductive. As stated above, if lower electrode 
layers Ml to Ml 6 are permitted to be conductive, there is 
no necessity of allowing these sixteen electrode layers to 
be intentionally independent electrode layers, respectively. 
Namely, as shown in the side cross sectional view of Fig. 
73, it is sufficient to provide only one common lower 
electrode layer MO . The common lower electrode layer MO is 
a single doughnut disk shaped electrode layer, and serves 
as an electrode opposite to all the sixteen upper electrode 
layers LI to LI 6. 
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<5. 7> Modification 3 

In order to further simplify the structure of the 
above-described modification 2, it is sufficient to use 
flexible substrate 570 comprised of a conductive material 
(e.g., metal) in place of flexible substrate 510. If such 
flexible substrate 570 is used, the structure in which the 
lower surface of the piezoelectric element 540 is directly 
connected to the upper surface of the flexible substrate 

■ 

570 can be realized without using special lower electrode 
layer M0 as shown in the side cross sectional view of Fig. 
74. In this case, the flexible substrate 570 itself functions 
as a common lower electrode layer M0. 

In addition, while the lower electrode side is 
caused to be a common single electrode layer in the 
above-described modifications 2, 3, the upper electrode 
layer side may be a common single electrode layer in a 
manner opposite to the above. 

<5. 8> Other Modifications 

While the above-described sensors all use a physically 
single piezoelectric element 520 or 540, they may be 
constituted with physically plural piezoelectric elements. 
For example, in Fig. 59, there may be employed a configuration 
in which respective localized elements Dl to D16 are 
constituted with separate independent piezoelectric elements 
thus to use sixteen piezoelectric elements in total. Further, 
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there may be employed a configuration in which one localized 
elements are used with respective two localized elements 
such that a single localized element is used for localized 
elements Dl, D2 and another piezoelectric element is used 
for localized elements D3, D4, thus to use eight piezoelectric 
elements in total. As stated above, how many piezoelectric 
elements are used from a physical point of view is the 
matter which can be suitably changed in design. 



§ 6 SIXTH EMBODIMENT 

<6. 1> Principle Of Sensor According To Sixth Embodiment 

A multi-axial angular velocity sensor according to 
the sixth embodiment which will be described below is a 
sensor using a electromagnetic force as the oscillating 
mechanism and using a differential transformer as the 
detecting mechanism. First, its principle will be briefly 
described with reference to Fig. 75. A center of gravity 
position of an oscillator 610 comprised of a magnetic 
material is assumed to be origin O to define an XYZ 
three-dimensional coordinate system. Then, a pair of coils 
Jl, J2, a pair of coils J3, J4 and a pair of coils J5, J6 
are provided in such a manner that the oscillator 610 is 

put therebetween. 

When six coils are disposed in this way, it is 
possible to oscillate the oscillator 610 comprised of 
magnetic material in an arbitrary axis of the X-axis, the 
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Y-axis, the Z-axis. For example, in order to produce 
oscillation Ux in the X-axis direction, it is sufficient to 
allow a current to reciprocally flow in coils Jl, J2 
arranged on the X-axis. When current is caused to flow in 
coil Jl, the oscillator . 610 moves in the positive direction 
of the X-axis by magnetic force produced by coil Jl . 
Further, when current is caused to flow in coil J2, the 
oscillator 610 moves in the negative direction of the 
X-axis by magnetic force produced by coil J2. Accordingly, 
when current is caused to flow reciprocally, the oscillator 
610 is reciprocated in the X- axis direction. Similarly, in 
order to produce oscillation Uy in the Y-axis direction, it 
is sufficient to allow current to reciprocally flow in 
coils J3, J4 arranged on the Y-axis, In addition, in order 
to produce oscillation Uz in the Z-axis direction, it is 
sufficient to allow current to reciprocally flow in coils 
J5, J6 arranged on the Z-axis. 

On the other hand, by sixth coils arranged in this 
way, it is also possible to detect displacement of the 
oscillator 610 comprised of magnetic material- For example, 
in the case where the oscillator 610 is caused to undergo 
displacement in the positive direction of the X-axis, the 
distance between the oscillator 610 and coil Jl becomes 
smaller, and the distance between the oscillator 610 and 
coil J2 becomes greater. Generally, when a change takes 
place in the distance of magnetic material with respect to 
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coil, a change takes place in inductance of that coil. 
Accordingly, if inductance change of coil Jl and inductance 
change of coil J2 are detected, it is possible to recognize 

* 

displacement in the X-axis direction of the oscillator 610. 
Similarly, by inductance change of coil J3 and inductance 
change of coil J4, it is possible to recognize displacement 
in the Y-axis direction of the oscillator 610. In addition, 
by .inductance change of coil J5 and inductance change of 
coil J6, it is possible to recognize displacement in the 
Z-axis direction of the oscillator 610. In view of this, if 
there is employed a structure such that displacement takes 
place in the oscillator 610 by Coriolis force, it is 
possible to detect Coriolis force components in respective 
axes directions by inductance changes of respective coils. 

While coils Jl to J16 serve as both the role for 
oscillating the oscillator 610 and the role for detecting 
displacement of the oscillator 610 as stated above, coils 
for oscillation and coils for detection may be separately 
provided . 

<6. 2> Structure And Operation Of Actual Sensor 

Fig. 7 6 is a side cross sectional view showing an 
actual structure of a multi-axial angular velocity sensor 
based on the above-described principle. A columnar oscillator 
610 comprised of a magnetic material such as iron, etc. is 
accommodated within a sensor casing 620. A partition plate 
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630 is connected on the upper surface of the sensor casing 
620.. A disk-shaped diaphragm 640 is attached on the upper 
surface of the partition plate 630 in such a manner that it 
faces downwardly. The upper end of a connecting rod 650 is 
fixed to the center of this diaphragm. A penetration hole 
is formed at the central portion of the partition plate 
630. The connecting rod 650 is inserted through the penetration 
hole* The oscillator 610 is attached to the lower end of 
the connecting rod 650. The oscillator 610 is in a hanging 
state by the connecting rod 650 within the sensor casing 
620. Further, a protective cover 660 is attached at the 
upper part of the partition plate 630 so as to cover the 
diaphragm 640. 

It is now assumed that a center of gravity position 
of the oscillator 610 is taken as the origin, and a Y-axis 
is taken in a right direction, a Z-axis is taken in an 
upper direction and an X-axis is taken in a direction 
perpendicular to plane surface of paper in Fig. 76. 

Inside sensor casing 620, six coils Jl to J6 are 
disposed as shown (although coils Jl, J2 are not shown in 
Fig. 76, coils Jl, J2 are respectively disposed on this 
side of the oscillator 610 and on that side thereof) . This 
arrangement is the same as the arrangement shown in Fig . 
75. 

As described above, a current is caused to flow 
in a predetermined pair of coils, thereby making it possible 

127 



to oscillate the oscillator 610 in a predetermined axial 
direction. Further, inductance change of a predetermined 
pair of coils is detected, thereby making it possible to 

* 

detect Coriolis force components exerted in a predetermined 
axial direction* Accordingly, it is possible to detect an 
angular velocity about a predetermined axis on the basis of 
the fundamental principle shown in Figs. 3 to 5. 

§7 DETECTING OPERATION 

<7 . 1> Detection Of Acceleration 

While various embodiments which have been described 
are all directed to multi-axial angular sensors, these 
sensors really have a double function not only as a 
multi-axial angular sensor but also as a multi-axial 
acceleration sensor.. This is indicated in connection with 
the sensor of the first embodiment. Fig. 15 is a view for 
explaining the operation for detecting angular velocity cox 
about the X-axis. In order to detect angular velocity cox, 
it is sufficient to measure Coriolis force Fy exerted in 
the Y-axis direction in the state where the oscillator 130 
is caused to undergo oscillation Uz in the Z-axis. Meanwhile, 
the reason why such Coriolis force Fy in the Y-axis 
direction is produced is that the oscillator 130 was caused 
to intentionally undergo oscillation in the Z-axis direction 
in the state, where angular velocity cox is exerted. If the 
oscillator 130 is not oscillated, Coriolis force Fy is not 
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produced. However, even if the oscillator 130 is not 
oscillated/ there are instances where force Fy to move the 
oscillator 130 in the Y-axis direction takes place. This is 
the case where an acceleration in the Y-axis direction is 
5 applied to the oscillator 130. In accordance with the 
fundamental rule of dynamics, when an acceleration is 
• applied to a body having mass, a force proportional to the 
=y mass of the body is applied in the same direction as that 
(S3 of this acceleration. Accordingly, in the case where an 
Ifio acceleration in the Y-axis direction is applied to the 
q oscillator 130, a force Fy in the Y-axis direction having a 

13 magnitude proportional to mass of the oscillator 130 is 

m applied. Such force Fy resulting from acceleration and 

Coriolis force Fy are entirely the same as force. Accordingly, 
i= i5 it is possible to detect a force resulting from acceleration 
by exactly the same method as the method of detecting 
Coriolis force. 

Eventually, in the above-described sensors of the 
respective embodiments, a force detected in a predetermined 
20 % axial direction, with an oscillator being intentionally 
oscillated in a predetermined axial direction, is Coriolis 
force. The magnitude of this Coriolis force takes a value 
corresponding to an angular velocity about a predetermined 
axis. On the contrary, a force detected in a predetermined 
25 axial direction, with an oscillator being not oscillated, 
is a force based on an acceleration exerted in that axial 
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direction. The magnitude of this force takes a value 
corresponding to the acceleration in the axial direction. 
As stated above, when measurement is carried out with an 
oscillator being oscillated, the above-described sensors of 
the respective embodiments function as an angular sensor, 
while when measurement is carried out with an oscillator 
being not oscillated, they function as an acceleration 
sensor. 

<7. 2> Time-divisional Detecting Operation 

As described above, the sensors according to this 
invention serve as both the function as a multi-axial 
angular velocity sensor and the function as a multi-axial 
acceleration sensor. In view of this, in practice, a 
time-divisional detecting operation as indicated by the 
flowchart of Fig. 77 is carried out, thereby making it 
possible to carry out detection of sixth components of 
acceleration ax in the X-axis direction, acceleration ccy 
in the Y-axis direction, acceleration az in the Z-axis 
direction, angular velocity cox about the X-axis, angular 
velocity coy about the Y-axis, and angular velocity coz 
about the Z-axis . 

First, at step SI, detections of accelerations 
ocx, ocy, otz in respective directions are carried out at 
the same time. Namely/ it is sufficient to carry out the 
detecting processing identical to the detection of Coriolis 
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force without oscillating oscillator. A force which has 
been detected at this time is not Coriolis force in fact, 
but a force produced on the basis of acceleration. With 
respect to the acceleration, it is possible to detect three 
axial components at the same time* This because since there 
is no necessity of carrying out a work for allowing an 
oscillator to undergo oscillation, respective electrode 
layers are not required to perform the role as the oscillating 
mechanism, but performs only the role as the detecting 
mechanism. For example, in the case of the sensor according 
to the fourth embodiment shown in Fig. 42, circuits as 
shown in Figs. 46 to 48 are formed for the purpose of 
detecting Coriolis force. In the case of carrying out 
detection of acceleration, there is no necessity of delivering 
an a.c. signal for producing oscillation. For this reason, 
it is unnecessary to deliver an a.c. signal to all of 
electrode layers El to E5 and Fl to F5 shown in these 
circuits. Accordingly, potential differences Vx, Vy, Vz 
detected by these circuits indicate accelerations ccx, o:y, 
az as they are. 

Subsequently, detection of angular velocity cox is 
carried out at step S2, detection of angular velocity 0)y 
is carried out at step S3, and detection of angular 
velocity coz is carried out at step S4 . With respect to the 
angular velocity, as previously described, it is unable to 
detect respective angular velocity components about three 
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axes. Accordingly, detections of respective angular velocity 

components are carrH^H • 

are earned out in succession -by such a tim* 
division. time 

Finally, the operation returns from step SS to 
step SI for a second time. As long as the detecting 
operation is continuously executed, simi i ar operation win 
be repeatedly executed. 

<7. 3> Detecting Circuit 

Subsequently, the fundamental configuration of the 
detecting circuit for carrying out a time-divisional detecting 
operation as previously described is shown in Fig. 78 m 
this f igure/ block 700 corresponds to various embodiments 
of multi-axial angular velocity sensors which have been 
described above. From a viewpoint of function, this block 
" illUStrate * m "a manner divided into two sections of 
oscillating section 710 and detecting section 720. The 
oscillating section 710 is a section having a function to 
oscillate an oscillator included therein in a predetermined 
axial direction, when a drive signal is delivered to 
respective terminals respectively designated at X, Y, Z, an 
oscillator i s oscillated in the X-, y- and Z- axial 
directions. Further, the detecting section 720 is a section 
having a function to output a detection signal indicating a - 

displacement of the oscillator included p-™ 

' j-iK-Auaea. From respective 

terminals designated at X, Y, z in the f lm ,« * , - • 

aw uue ngure, detection 
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signals of displacements with respect to the X-, Y- and 
Z-axial directions are respectively outputted. In a practical 
sensor, there are instances where one electrode layer 
serves as both the function on the oscillating section 710 
side and the function on the detecting section 720 side, 
and it is therefore difficult to clearly classify respective 
sections constituting the sensor into the oscillating section 
710 or the detecting section 720. However, for convenience, 
this sensor is assumed to be represented by a simple model 
such as block 700 by functionally grasping it. 

An oscillation generator 711 is a circuit for 
generating a drive signal which is delivered to respective 
terminals X, Y, Z of the oscillating section 710. In a more 
practical sense, the oscillation generator 711 is a unit 
for generating, e.g., an a.c. signal. Multiplexer 712 
includes switches SW1, SW2, SW3, and serves to control a 
drive signal produced in the oscillating generator 711 
delivered to any one of terminals X, Y, Z of the oscillating 
section 710. On the other hand, a detection signal outputted 
from any one of terminals X, Y, Z of the detecting section 
720 is delivered to a displacement detecting circuit 721 
via a multiplexer 722. The multiplexer 722 includes switches 
SW4, SW5, SW6, and serves to select a detection signal 
delivered to the displacement detecting circuit 721. The 
displacement detecting circuit 721 detects an actual 
displacement quantity on the basis of the detection signal 
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delivered thereto to deliver it to a detection value output 
circuit 730. A controller 740 controls the operations of 
multiplexers 712, 722, and delivers a control signal to the 

w 

detection value output circuit 730. 

The detecting circuit has been constructed as 
above • It is to be noted that Fig. 78 is not an actual 
circuit diagram indicating an actual current path, but is a 
view showing the outline of the configuration of the 
detecting circuit. Accordingly/ a single line shown in the 
figure indicates a path for a bundle of control signals or 
detection signals, but does not indicate the current path 
itself. For example, although a single control signal line 
is only illustrated between switch SW1 and the oscillating 
section 710, it is necessary to deliver an a,c. signal 
having a predetermined phase to a plurality of electrode 
layers for the purpose of oscillating the oscillator in the 
X-axis direction in practice. Therefore, a plurality of 

current paths are required. 

When such a detecting circuit is constructed, * the 
detecting operation shown in the flowchart of Fig. 77 will 
be executed as follows. The processing for detecting 
accelerations ax, ay, az is carried out. Namely/ the 
controller 740 delivers, to multiplexers 712, 722, an 
indication to allow switches SW1, SW2, SW3 to be all turned 
OFF/ and to -allow switches SW4, SW5, SW6 to be all turned 
ON. As a result, no drive signal is delivered to the 
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oscillating section 710, and, an intentional excitation 
with respect to the oscillator is not carried out. Accordingly, 
detection signals outputted from respective terminals X, y, 
Z of the detecting section 720 at this time are not a 
signal indicating Coriolis force, but a signal indicating a 
displacement produced by a force based on action of 
acceleration. Since switches SW4, SW5, SW6 are all ON, 
three signals are all delivered to the displacement detecting 
circuit 721, at which displacement quantities in three 
axial directions of X, Y, Z are detected. The controller 
740 instructs the detection value output circuit 730 to 
output detected three displacement quantities as values of 
acceleration. Thus, ^the displacement quantities in the 
three axial directions detected at the displacement detecting 
circuit 721 are outputted as acceleration values ax, ay, 
az from the detection value output circuit 730, respectively. 

Subsequently, the controller 740 carries out 
processing for detecting angular velocity cox as processing 
at step S2 . Namely, the controller 740 delivers, to 
multiplexers 712, 722, on the basis of the principle shown 
in Fig. 3, an indication 

to allow switch SW1 to be turned OFF, 
to allow switch SW2 to be turned OFF, 
to allow switch SW3 to be turned ON, 
to allow switch SW4 to be turned OFF, 
to allow switch SW5 to be turned ON, and 
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to allow switch SW6 to be turned OFF. 
As a result, the oscillating section 710 allows the oscillator 
to undergo oscillation Uz in the Z-axis direction. The 
detecting section 720 outputs, from terminal Y, a detection 
signal indicating displacement in the Y-axis direction of 
the oscillator by action of Coriolis force Fy produced at 
this time. The displacement detecting circuit 721 detects a 
displacement quantity in the Y-axis direction on the basis 
of this detection signal. The controller 740 instructs the 
detection value output circuit 730 to output the detected 
displacement quantity as a value of angular velocity cox 
about the X-axis. Thus, the displacement quantity in the 
Y-axis direction detected at the displacement detecting 
circuit 721 is outputted as angular velocity cox from the 
detection value output circuit 730. 

Then, the controller 740 carries out processing 
for detecting angular velocity coy as processing at step 
S3. Namely, the controller 740 delivers, to multiplexers 
712, 722, on the basis of the principle shown in Fig. 4, an 
indication 

to allow switch SW1 to be turned ON, 
to allow switch SW2 to be turned OFF, 
to allow switch SW3 to be turned OFF, 
to allow switch SW4 to be turned OFF, 
to allow switch SW5 to be turned OFF, and 
to allow switch SW6 to be turned ON. 
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As a result, oscillating section 710 allows the oscillator 
to undergo oscillation Ux in the X-axis direction . The 
detecting section 720 outputs a detection signal indicating 

* 

displacement in the Z-axis direction of the oscillator by 
action of Coriolis force Fz produced at this time from 
terminal Z. The displacement detecting circuit 721 detects 
displacement quantity in the Z-axis direction on the basis 
of this detection signal. The controller 740 instructs the 
detection value output circuit 730 to output the detected 
displacement quantity as a value of angular velocity coy 
about the Y-axis. Thus, the displacement quantity in the 
Z-axis direction detected at the displacement detecting 
circuit 721 is outputted as angular velocity coy from the 
detection value output circuit 730. 

Further, the controller 740 carries out processing 
for detecting angular velocity coz as processing at step 
S4. Namely, the controller 740 delivers, to multiplexers 
712, 722, on the basis of the principle shown in Fig. 5, an 

indication 

to allow switch SW1 to be turned OFF, 

to allow switch SW2 to be turned ON, 

to allow switch SW3 to be turned OFF, 

to allow switch SW4 to be turned ON, 

to allow switch SW5 to be turned OFF, and 

to allow switch SW6 to be turned OFF. 

As a result, the oscillating section 710 allows the oscillator 
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to undergo oscillation Uy in the Y-axis direction. The 
detecting section 720 outputs a detection signal indicating 
displacement in the X-axis direction of the^ oscillator by 
action of Coriolis force produced at this time from terminal 
X. The displacement detecting circuit 721 detects displacement 
quantity in the X-axis direction on the basis of this 
detection signal • The controller 740 instructs the detection 
value output circuit 730 to output the detected displacement 
quantity as a value of angular velocity about the Z-axis, 
Thus, the displacement quantity in the X-axis direction 
detected at the displacement detecting circuit 721 is 
outputted as angular velocity cuz from the detection value 

output circuit 730, 

The above-mentioned processing is repeatedly executed 
via step S5. Accordingly, if such sensor is mounted in a 
moving body, it becomes possible to continuously detect 
acceleration components in three axial directions and angular 
velocity components about three axial at respective time 
points • 

<7. 4> Other Detecting Principle Of Angular Velocity 

The foregoing explanation relating to detection of 
the multi-axial angular velocity was all based on the 
fundamental principle shown in Figs. 3 to 5 . On the 
contrary, detection based on the fundamental principle 
shown in Figs. 79. to 81 can be made as well. For example, 
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in the case of detecting angular velocity cox about the 
X-axis, in accordance with the fundamental principle shown 
in Fig. 3, a Coriolis force Fy produced in the Y-axis 
direction when the oscillator is caused to undergo oscillation 
Uz in the Z-axis direction is detected. In accordance with 
the fundamental principle shown in Fig. 79, it is sufficient 
to detect Coriolis force Fz produced in the Z-axis direction 
when the oscillator is caused to undergo oscillation Uy in 
the Y-axis direction. Similarly, in the case of detecting 
angular velocity coy about the Y-axis, in accordance with 
the fundamental principle shown in Fig. 4, Coriolis force 
Fz produced in the Z-axis direction when the oscillator is 
caused to undergo oscillation Ux in the X-axis direction is 
detected. In accordance with the fundamental principle 
shown in Fig. 80, it is sufficient to detect Coriolis force 
Fx produced in the X-axis direction when the oscillator is 
caused to undergo oscillation Uz in the Z-axis direction. 
In addition, in the case of detecting angular velocity coz 
about the Z-axis, in accordance with the fundamental principle 
shown in Fig. 5, Coriolis force Fx produced in the X-axis 
direction when the oscillator is caused to undergo oscillation 
Uy in the Y-axis direction is detected. In accordance with 
the fundamental principle shown in Fig. 81, it is sufficient 
to detect Coriolis force Fy produced in the Y-axis direction 
when the oscillator is caused to undergo oscillation Ux in 
the X-axis direction. 
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In short, the multi-axial velocity sensor according 
to this invention utilizes the natural law that, with 
respect to an oscillator positioned at the origin of three 
axes perpendicular to each other, in the case where angular 
velocity co is applied about the first axis, when oscillation 
U is given in the second axial direction, Coriolis force is 
applied in the third axial direction. Either selection of 
principles as shown in Figs, 3 to 5 or selection of 
principles as shown in Figs, 79 to 81 may be made. 
Accordingly, it is possible to carry out detection to which 
the fundamental principle shown in Figs. 79 to 81 is 
applied in connection with all the embodiment which have 
been described above. 

<7. 5> Detection By Combination Of The Fundamental 
Principles 

As described above, in the angular velocity detection 
according to this invention, it is possible to carry out 
both detection based on the fundamental principle shown in 
Figs. 3 to 5 and detection based on the fundamental 
principle shown in Figs. 79 to 81, and it is further 
possible to carry out detection in which both detections 
are combined. For the purpose of facilitating understanding, 
classification of respective fundamental principles is carried 
out. It is seen that six kinds of detecting operations as 
shown in the following Table can be made. 
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<Table> 
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< CO > 



PRINCIPLE 



DIAGRAM 
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FIG. 81 



DETECTING 



FIG. 4 



DETECTING 



X 



FIG. 79 



DETECTING 



X 



FIG. 5 



DETECTING 



FIG. 80 



DETECTING 



X 



FIG. 3 



OPERATION 



In the above Table, the column of U indicates the axial 
direction to excite the oscillator, the column of F indicates 
the axial direction to detect Coriolis force exerted on the 
oscillator, and the column of co indicates the axis relating 
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to angular velocity to be detected. In the detection based 
on the fundamental principle shown in Figs. 3 to 5, even 
three detecting operations of the above Table are carried 
out. In the detection based on the fundamental principle 
shown in Figs, 79 to 81, odd three detecting operations are 
carried out. As previously described, it is possible to 
detect angular velocity components about three axes of XYZ 
by such three detecting operations. 

Meanwhile, combination for detecting such angular 
velocity components about three axes is not limited to 
combination of even and odd detecting operations. For 
example, even if combination of the detecting operations 1 
to 3 of the first half is employed, angular velocity 
components about three axes of X, Y, Z can be detected. 
Further, even if combination of the detecting operations 4 
to 6 of the latter half is employed, angular velocity 

m 

components about three axes of X, Y, Z can be made (see the 
column of CO of the above Table) . In addition, when such 
combinations are employed, a portion of the oscillating 
mechanism and the detecting mechanism may be omitted. For 
example, in order to execute the detecting operations 1 to 
3 in the above Table, it is sufficient for the excitation 
axis of the oscillator to employ the X-axis and the Y-axis 
(see the column of U) . In other words, it is not necessary 
to oscillate- the oscillator in the Z-axis. Further, it is 
sufficient for the axis for detecting Coriolis force to 
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employ only the Y-axis and the Z-axis (see the column of 
F) • In other words, it is not necessary to detect Coriolis 
force in the X-axis direction. Eventually, as the oscillating 
mechanism/ it is enough to permit the oscillator to undergo 
oscillation in two axes directions of X-axis and the 
Y-axis. As the detecting mechanism, it is enough to permit 
detection in two axes of the Y-axis and the Z-axis. It was 
the premise that various embodiments which have been described 
above all include an oscillating mechanism for oscillating 
an oscillator in three axial directions of X, Y, Z and a 
detecting mechanism for detecting Coriolis force components 
in three axial directions of X, Y, Z. However, by suitably 
combining the fundamental principles in this way, detection 
of angular velocity components about three axes can be made 
by using an oscillating mechanism in two axes directions 
and a detection mechanism in two axes directions. 

While the above-described embodiments were all 
directed to a three-dimensional angular velocity sensor for 
detecting angular velocity components about three axes of 
X/ Y, Z, in the case where it is sufficient to detect only 
angular velocity components with respect to specific two 
axes of these three axes, it is possible to use a two- 
dimensional angular velocity sensor in which a portion of 
the oscillating mechanism or the detecting mechanism is 
further omitted. For example, let now consider only the 
detecting operation 1 and the detecting operation 2 in the 
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above Table . In order to carry out these two detecting 
operations, it is sufficient that an oscillating mechanism 
in the X-axis direction and a detecting mechanisms in the 
Y-axis and Z-axis directions are provided. As a result, it 
is possible to detect angular velocity about the Z-axis and 
angular velocity about the Y-axis. Accordingly, a two- 
dimensional angular velocity sensor can be realized by the 
oscillating mechanism in one axial direction and the detecting 
mechanism with respect to two axes. 

In addition, combination as described below may be 
employed. Let now consider only the detecting operation 2 
and the detecting operation 3 in the above Table. In order 
to carry out these two detecting operations, it is sufficient 
that an oscillating mechanisms in the X-axis and Y-axis 
directions and a detecting mechanism with respect to the 
Z-axis direction are provided. As a result, angular velocity 
about the Y-axis and angular velocity about the X-axis can 
be detected. Accordingly, a two-dimensional angular velocity 

■ 

sensor can be realized by the oscillating mechanisms in two 
axes directions and the detecting mechanism with respect to 
one axis . 

INDUSTRIAL APPLICABILITY 

A multi-axial angular velocity sensor according to 
this invention can respectively independently detect angular 
velocity cox about the X-axis, angular velocity coy about 



the Y-axis, and angular velocity cuz about the Z-axis with 
respect to an object moving in an XYZ three-dimensional 
coordinate system. Accordingly, when mounted in an -industrial 
machine, an industrial robot, an automotive vehicle, an 
air-plane, or a ship, etc*, this multi-axial angular velocity 
sensor can be widely utilized as a sensor in carrying out 
recognition of moving state or a feedback control with 
respect to movement. In addition, this multi-axial angular 
velocity sensor can be also utilized for control to correct 
unintentional hand movement at the time of photographing by 
camera . 
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